Characterizing the Economically Important Species of \u3ci\u3ePythium\u3c/i\u3e Affecting Cucurbits in South Carolina and Grafting to Control Pythium Disease in Watermelon by Toporek, Sean
Clemson University 
TigerPrints 
All Theses Theses 
May 2020 
Characterizing the Economically Important Species of Pythium 
Affecting Cucurbits in South Carolina and Grafting to Control 
Pythium Disease in Watermelon 
Sean Toporek 
Clemson University, sean.toporek@gmail.com 
Follow this and additional works at: https://tigerprints.clemson.edu/all_theses 
Recommended Citation 
Toporek, Sean, "Characterizing the Economically Important Species of Pythium Affecting Cucurbits in 
South Carolina and Grafting to Control Pythium Disease in Watermelon" (2020). All Theses. 3315. 
https://tigerprints.clemson.edu/all_theses/3315 
This Thesis is brought to you for free and open access by the Theses at TigerPrints. It has been accepted for 
inclusion in All Theses by an authorized administrator of TigerPrints. For more information, please contact 
kokeefe@clemson.edu. 
CHARACTERIZING THE ECONOMICALLY IMPORTANT SPECIES OF PYTHIUM 
AFFECTING CUCURBITS IN SOUTH CAROLINA AND GRAFTING 
TO CONTROL PYTHIUM DISEASE IN WATERMELON 
A Thesis 
Presented to 
the Graduate School of 
Clemson University 
In Partial Fulfillment 
of the Requirements for the Degree 
Master of Science 
Plant and Environmental Sciences 
by 
Sean M. Toporek 
May 2020 
Accepted by: 
Anthony P. Keinath, Committee Chair 
Patrick W. Wechter 
Steven N. Jeffers 
ii 
ABSTRACT
The plant family Cucurbitaceae, informally referred to as cucurbits, is the largest family 
of cultivated vegetables with 118 genera and 825 species. In South Carolina, the most 
commonly grown cucurbit crops are watermelon (Citrullus lanatus) (1,982 ha), squash 
(Cucurbita pepo) (643 ha), cucumber (Cucumis sativus) (398 ha), and cantaloupes and 
muskmelons (Cucumis melo) (365 ha). In cucurbits, Pythium spp. cause symptoms of 
root rot, stem rot, and damping-off. Four different cucurbit species were planted 
repeatedly in sentinel plots in nine fields over three years to isolate and identify Pythium 
species pathogenic to cucurbits in South Carolina. Isolates (600) were recovered from 
symptomatic seedlings and identified by sequencing DNA of the mitochondrial 
cytochrome oxidase I region. The four most common species identified were P. 
spinosum (45.6% of isolates), P. myriotylum (20.0%), P. irregulare (15.3%), and P. 
aphanidermatum (12.8%). These four Pythium species were recovered from every 
cucurbit host each year. P. myriotylum and P. aphanidermatum were predominantly 
isolated in warmer months, whereas P. spinosum and P. irregulare were predominantly 
isolated in cooler months. Cool-season species of Pythium were more virulent than 
warm-season species at 25°C, an average soil temperature for spring cucurbit planting 
dates in South Carolina. Representative isolates from each species (63 total) were 
sensitive to two standard fungicides, mefenoxam and propamocarb. However, these same 
isolates were insensitive to the new fungicide oxathiapiprolin, except those classified 
taxonomically as species in Pythium Clade I, which includes P. ultimum.  
iii 
Cucurbit rootstocks used in watermelon grafting were evaluated for resistance to 
pathogenic species of Pythium. Watermelon cultivars were more susceptible to P. 
myriotylum and P. aphanidermatum than were cultivars of bottlegourd and interspecific 
hybrid squash (Cucurbita maxima × C. moschata) at both 20°C and 30°C in a growth 
chamber experiment. Interspecific hybrid squash cultivars were less susceptible to 
infection by these two species of Pythium than were bottlegourd and watermelon 
cultivars in a field experiment. The seedless watermelon cultivar Tri-X 313 was grafted 
to citron, bottlegourd, and interspecific hybrid squash rootstocks, and the fungicides 
mefenoxam (Ridomil Gold), propamocarb (Previcur Flex), and mefenoxam and 
propamocarb together were applied at transplanting to compare grafting and commercial 
fungicide applications for disease management. Grafting to interspecific hybrid squash 
rootstocks reduced disease incidence compared to non-grafted controls. However, there 
were no differences in disease development between fungicide and non-fungicide-treated 
plots. Grafting to the interspecific hybrid squash cultivar Camelforce significantly 
increased yield and lowered disease development when compared to non-grafted control 
plants. Interspecific hybrid squash was consistently resistant to inoculation with P. 
myriotylum and P. aphanidermatum isolates both in the field and growth chamber 
experiments, demonstrating its resistance and utility as a rootstock for grafting 
watermelon plants. 
iv 
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CHAPTER ONE 
CHARACTERIZATION OF PYTHIUM SPECIES ISOLATED FROM 
CUCURBITS IN SOUTH CAROLINA AT DIFFERENT TIMES OF THE YEAR 
Abstract 
Species of Pythium cause root and stem rot in cucurbits, but no formal surveys 
have been conducted in the United States to identify which species are responsible. The 
cucurbit species bottlegourd, cucumber, Hubbard squash, and watermelon were 
transplanted in May, July, September, and November into sentinel plots in four and five 
different fields in 2017 and 2018, respectively, in South Carolina, and Pythium spp. were 
isolated from symptomatic plants. Eight of the nine fields were revisited in March 2019 
to collect additional samples. A total of 600 isolates were collected and identified by 
sequencing DNA of the mitochondrial cytochrome oxidase I region. Of the nine species 
of Pythium recovered, the four most common species were P. spinosum (45.6% of all 
isolates), P. myriotylum (20.0%), P. irregulare (15.3%), and P. 
aphanidermatum (12.8%). P. ultimum, the P. coloratum/dissoticum species complex, P. 
sylvaticum, P. acanthicum, and  Phytopythium helicoides were recovered infrequently. 
The four most common species were recovered from every cucurbit host each year. P. 
myriotylum and P. aphanidermatum were predominantly isolated in warmer months 
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(May, July, and September) whereas P. spinosum and P. irregulare were predominantly 
isolated in cooler months (November and March). Isolates of P. ultimum, P. irregulare, 
and P. spinosum were found to be more virulent than isolates of P. myriotylum and P. 
aphanidermatum at 25°C, an average soil temperature for spring cucurbit planting in 
South Carolina. Representative isolates from each species of Pythium and Phytopythium 
helicoides (63 total) were screened in vitro for sensitivity to three fungicides: 
mefenoxam, propamocarb, and oxathiapiprolin. All isolates were sensitive to mefenoxam 
and propamocarb, but these same isolates were insensitive to oxathiapiprolin, except 
those classified taxonomically in Pythium Clade I.  
Introduction 
The family Cucurbitaceae is comprised of 960 species within 115 genera. This 
diverse plant family ranks among the highest for numbers of species grown for human 
consumption (Robinson and Decker-Walters 1997). In the United States 2017 Census of 
Agriculture, 52,524 ha of watermelon (Citrullus lanatus), 48,423 ha of cucumber 
(Cucumis sativus), 37,863 ha of pumpkin (Cucurbita pepo), 28,909 ha of cantaloupe 
(Cucumis melo), and 28,405 ha of squash (Cucurbita maxima) were harvested for a total 
of 167,720 ha of cucurbits, making it the third largest group of vegetables in the United 
States behind potatoes and sweet corn (USDA 2018).  
Several species within the soilborne plant pathogen genus Pythium are known to 
infect cucurbits and cause root and stem rots (Deadman 2017). Above ground symptoms 
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on cucurbits infected by Pythium spp. include stunting, wilting, chlorosis, damping-off, 
and girdling and darkening of the lower stem at the soil line. Standing water and lower 
temperatures increase incidences of Pythium diseases in cucurbit seedlings. Mature plants 
are also susceptible although symptoms are less severe than on younger plants, and root 
systems may develop brown necrotic lesions throughout the season (Deadman 2017).  
 Species of Pythium survive in the soil as thick-walled oospores that can persist for 
decades (Webster and Weber 2007). As a precursor to infection, Pythium spp. produce 
motile, swimming zoospores that navigate through water films and are chemotactically 
attracted to plant root exudates and especially exudates from germinating seeds (Martin 
and Loper 1999). Culturally, management of Pythium diseases in cucurbits can be 
achieved by transplanting seedlings at a later growth stage, grafting to resistant cucurbit 
rootstocks, and planting in raised beds that reduce periods of soil saturation from heavy 
rainfall (Deadman 2017, Toporek and Keinath 2019). Soil fumigation with methyl 
bromide was once a general use control for soilborne pathogens of cucurbits, but that is 
no longer a legal management strategy (Davis et al. 2008). The fungicides mefenoxam 
and propamocarb currently are labeled for use on cucurbits to preventatively manage 
Pythium diseases. The use of mefenoxam increased from 6% to 18% of the watermelon 
acreage in the U.S. between 2006 and 2014 (USDA, NASS 2014). Oxathiapiprolin is a 
newly registered fungicide in the class piperidinyl thiazole isoxazolines, specifically 
targeting an oxysterol binding protein (Pasteris et al. 2015). Oxathiapiprolin is an 
effective fungicide that controls many oomycete pathogens—e.g.,  Phytophthora 
nicotianae and Pseudoperonospora cubensis—but it is not labeled for control of Pythium 
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spp. (Bittner and Mila 2016; Cohen 2015). Isolates of Pythium spp. have demonstrated 
variability in sensitivities to these three fungicides (Miao et al. 2016). Isolates of several 
species of Pythium have developed resistance to propamocarb and mefenoxam, including 
isolates found to be resistant to both fungicides (Moorman and Kim 2004).  
 Twenty-four species of Pythium have been reported to cause disease on species in 
the family Cucurbitaceae in countries around the world although most reports have been 
for cucumber (Farr and Rossman 2020). The four most commonly reported species of 
Pythium attacking cucurbits are P. aphanidermatum (n=65 individual reports), P. 
ultimum (n=26), P. debaryanum (n=23), and P. irregulare (n=9). However, formal 
surveys have not been conducted in the U.S. to identify the species of Pythium that are 
predominantly responsible for causing diseases on species of cucurbits. Two surveys of 
greenhouse cucumber in Oman identified P. aphanidermatum as the most prevalent 
species (Al-Sadi et al. 2012) followed by P. spinosum (Al-Sadi et al. 2007). Likewise, the 
most common species recovered in cantaloupe fields sampled in Iran were P. 
aphanidermatum (71.8%), P. ultimum (22.3%), and P. delicense (5.9%). P. 
aphanidermatum and P. ultimum have been recovered from various cucurbits in Iran, 
particularly P. aphanidermatum (Teymoori et al. 2012). Studies aimed at examining how 
season affects the species isolated from cucurbits are lacking; in most studies, isolates 
were collected at a single point in time. Recently, however, Philosoph et al. (2019) 
demonstrated a transition on cucumber between P. spinosum in colder, winter months to 
P. aphanidermatum in warmer, summer months with mixed populations of the two 
species in intermediary months.  
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 Communities of Pythium spp. in the soil are influenced by many factors 
associated with field management strategies. Incorporation of cover crops has been 
observed to stimulate Pythium spp. communities (Njoroge et al. 2008; Pankhurst et al. 
1995). Soils treated with glyphosate showed an increase in Pythium taxa after application 
(Schlatter et al. 2018). Conversely, soils suppressive to Pythium spp. have been created 
using various sources of organic amendments in different agricultural systems 
(Dissanayake et al. 1999; Lumsden et al. 1987). Microbial taxa under organic compared 
to conventional management differ in diversity, especially under mineral compared to 
non-mineral fertilizer use; however, this relationship is rather complex (Hartmann et al. 
2015). Martin and Loper (1999) argued Pythium spp. are good targets for biocontrol 
because of sensitivity to antagonistic microbial activity during saprophytic stages. 
Management strategies that increase microbial diversity would arguably have 
implications on Pythium spp. communities. Because of the cumulative effects various 
management strategies have on the soil microbiome and Pythium spp. communities, 
species activity and recovery may differ between organic and conventionally managed 
cucurbit fields.  
 Identification of individual species of Pythium was once a laborious task 
involving microscopic determination of morphological characters (Van der Plaats-
Niterick 1981), but DNA barcodes have expedited this process. The mitochondrial 
cytochrome oxidase subunit 1 (COX1) and the nuclear internal transcribed spacer region 
of ribosomal DNA (ITS1) are the sequencing targets recommended for identification of 
Pythium spp. (Robideau et al. 2011; Schroeder et al. 2013). Several recent surveys of 
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Pythium spp. associated with different crops have utilized these barcode regions for 
reliable identification (Coffua et al. 2016; Munera and Hausbeck 2016; Rojas et al. 2017). 
 The objectives of this research were to (i) identify the variation in occurrence of 
Pythium spp. on symptomatic cucurbits planted in sentinel plots in organic and 
conventional fields sampled five times throughout the growing season, (ii) quantify 
virulence of Pythium spp. isolates on the susceptible watermelon cultivar Estrella, and 
(iii) screen Pythium spp. isolates for in vitro sensitivity to the fungicides mefenoxam, 
propamocarb, and oxathiapiprolin.   
 
Materials and Methods 
 
Survey design  
 Sentinel plots planted with four different cucurbit genera and species grown from 
organic seeds were used to survey for Pythium spp.:  Bottlegourd, Lagenaria siceraria 
(Peaceful Valley Farms, Grass Valley, CA), cucumber, Cucumis sativus ‘Marketmore 76’ 
(Peaceful Valley Farms), Hubbard squash, Cucurbita maxima ‘Golden Hubbard’ 
(Everwilde Farms, Sand Creek, WI), and watermelon, Citrullus lanatus ‘Sugar Baby’ 
(Peaceful Valley Farms). For plants to be transplanted at the first true leaf stage, 
watermelon and cucumber seeds were planted 18 days before transplanting, and 
bottlegourd and squash seeds were planted 14 days before transplanting. Seeds were 
sown into 96-cell trays containing a soilless, peat-based container mix (Fafard 3B or 
Metro-Mix 830; Sungro, Agawam, MA) if seedlings were to be planted into a 
conventional field and into an organic container mix (28.3 liters Premium Organic 
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Vegetable and Herb Mix (PROMIX, Quakertwon, PA), 11.4 liters of peat, 3.8 liters of 
vermiculite, 3.8 liters of sand, 0.5 liters of Nature Safe 10-2-8 All Season Fertilizer 
(Irving, TX)) if seedlings were to be planted into an organic field. Seedlings were 
maintained in a greenhouse and watered daily until two days before transplanting, when 
they were placed in an outdoor hoop house to harden off and acclimate to ambient 
environmental conditions. 
 In each sentinel plot, plants were arranged in a randomized, complete block 
design with ten plants for each plant species in each of two blocks. Each sentinel plot was 
a single 48.7-m-long row with 0.6 m between plants. In 2017 and 2018, seedlings were 
transplanted on four dates during the year at 2-month intervals—May, Jul, Sep, and 
Nov—in four and five fields, respectively, in Charleston County, SC (Fig. 1.1). Plants 
were then monitored during a 5-week sampling period for disease development by 
visiting each field at least once per week. In 2019, eight of the nine fields were planted 
and sampled in March to include an earlier time in the growing season. Symptoms of 
wilting, lower stem rot, yellowing, and stunting were considered potential indicators of 
infection by Pythium spp., resulting in the removal of plants for isolation.  
 
Culturing and storage of isolates 
 Isolation from symptomatic plants occurred within 24 h after collection. Roots 
and lower stems were rinsed under cold running tap water, surface disinfested for 30 
seconds in 0.3% sodium hypochlorite, rinsed in sterile deionized water, and blotted dry 
with sterile paper towels. Four symptomatic root or lower stem pieces (5 mm in length) 
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from each plant were evenly spaced in 90-mm-diameter Petrie plates containing water 
agar (15 g of Bacto Agar in 1 liter of deionized water) amended with rifampicin (10 
mg/liter), ampicillin (250 mg/liter), and benomyl (10 mg/liter) (WA+RAB). Isolation 
plates were held at 23°C in the dark for 7 days and observed daily for colonies with 
mycelia that resembled Pythium spp. Single hyphae from potential colonies of Pythium 
spp. were transferred to fresh WA+RAB to avoid potential contamination. Single hyphae 
from these cultures were transferred to 20% V8 juice agar (V8A: 200 ml of V8 juice, 15 
g of Bacto Agar, 3 g of CaCO3, and 900 ml of deionized water) for short-term storage at 
23°C to confirm purity. Isolates were then stored long-term in 2-ml plastic screw-cap 
tubes, and each tube contained three sterile hemp seeds (Nuts.com, Cransford, NJ), 1 ml 
of sterile deionized water, and two 5-mm-diameter V8A plugs from the edge of an 
actively growing colony. All isolates of Pythium spp. were stored in duplicate by placing 
tubes in cryo/freezer boxes, which were placed at 23°C and away from direct light.  
 
DNA extraction and PCR  
 For each isolate, one 5-mm-diameter plug from an actively growing V8A culture 
was placed in 50 ml of sterile 20% V8 broth  (V8B: per liter: 200 ml of V8 juice, 3 g of 
CaCO3, 800 ml of deionized water) in a 250-ml Erlenmeyer flask. Cultures were 
incubated for 7 days at 23°C in the dark; then, 50 mg of mycelium was removed, and 
DNA was extracted using a Synergy™ 2.0 Plant DNA Extraction Kit (OPS Diagnostics, 
Lebanon, NJ), following the manufacturer’s instructions.  
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For each isolate of Pythium spp., the COX1 region of the mitochondrial DNA was 
amplified using the primers Fm85mod and OomCoxI-Levup (Robideau et al. 2011). The 
PCR reaction volume of 25 µl contained 1X GoTaq Green Master Mix (Promega, 
Madison, WI), 0.8 µM of each forward and reverse primer, 6.5 µl of nuclease free water, 
and 2 µl of template DNA. Amplifications were performed with a PTC-200 thermal 
cycler (Bio-Rad, Hercules, CA) as follows: 95°C for 2 min, 35 cycles at 95°C for 1 min, 
55°C for 1 min, 72°C for 1 min, and final extension at 72°C for 10 min. PCR products 
were visualized on a 1.5% agarose gel to verify amplification.  
 Amplicons were sequenced by Sanger sequencing in both directions using Big 
Dye V3.1 chemistry and run on ABI 3730XL instruments (Functional Biosciences, 
Madison, WI). In a few instances, the alternative reverse primer OomCoxI-Levlo was 
used when the amplicon generated by OomCoxI-Levup did not sequence properly. 
Resulting DNA sequence.ab1 files were imported to and manipulated in Geneious R11 
(Geneious, Auckland, NZ). Pairwise alignments of the forward and reverse sequences 
were made using Geneious Alignment. Consensus sequence ends were trimmed of any 
regions with more than a 5% chance of an error per base. Consensus sequences were 
queried in the nonredundant GenBank nucleotide database at the National Center for 
Biotechnology Information (NCBI) and compared only to verified COX1 sequences from 
isolates of Pythium spp. (Robideau et al. 2011). An isolate was identified as a specific 
species of Pythium based on 97% or greater similarity to the sequence of a verified 
isolate of that species. P. coloratum and P. dissoticum are part of a species complex and 
are indistinguishable using either ITS or COX1 barcoding regions (Robideau et al. 2011); 
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therefore, isolates matching these species were labeled P. coloratum/dissoticum.  P. 
ultimum and P. irregulare also are considered species complexes undergoing taxonomic 
revision so were identified only by the broader species name (sensu lato). Representative 
sequences for isolates in this survey were deposited in GenBank under accession numbers 
MT002462, and MT222337 - MT222935. 
 
Fungicide sensitivity testing 
 Representative isolates of Pythium spp. from the survey (Tables 1.3, 1.4, and 1.5) 
were assayed for sensitivity to three Oomycete-specific fungicides in their commercial 
formulations: Oxathiapiprolin (Orondis A [A20941A], Syngenta Crop Protection, Inc., 
Greensboro, NC), propamocarb (Previcur Flex 6 SL, Bayer Crop Science, Research 
Triangle Park, NC), and mefenoxam (Ridomil Gold 4 SL, Syngenta Crop Protection, Inc., 
Greensboro, NC). For each species of Pythium identified in each sample period, a 
maximum of three isolates were selected for screening. If possible, no two isolates of any 
Pythium species from a given sample period were selected from the same field or 
cucurbit species.  
 The fungicides were incorporated into agar media at four or five concentrations to 
test isolates for sensitivity. Mefenoxam (0.01, 0.03, 0.1, 0.3, and 1.0 mg a.i./liter) and 
oxathiapiprolin (0.01, 0.1, 1.0, 10.0, and 100.0 mg a.i./liter) were added to corn meal agar 
(CMA; per liter: 17 g corn meal agar and 1000 ml deionized water). Propamocarb (0.1, 
1.0, 10.0, and 100.0 mg a.i./liter) was added to 5% clarified V8A (per liter: 50 ml of V8 
juice, 15 g of Bacto agar, and 3 g of CaCO3) due to an observed irregular growth pattern 
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expressed by some isolates grown on CMA amended with propamocarb. Non-amended 
CMA and 5% clarified V8A were prepared for controls. 
 The experiment was a completely randomized design, conducted twice, with two 
replicate plates per isolate at each concentration for each fungicide and non-amended 
controls (Keinath 2015). Cornmeal agar plugs (5-mm diameter) from 3-day old cultures 
were inverted in the center of 90-mm-diameter Petrie dishes, each containing 25 ml of 
either fungicide-amended or non-fungicide-amended medium. Cultures were incubated in 
the dark at 23°C for 36 h. Two perpendicular radial measurements were taken with a 
digital caliper from each colony at the end of the 36-h incubation period. All colony radii 
on fungicide-amended media of each isolate were represented as relative growth 
compared to growth on the non-amended CMA or 5% V8A control plates.   
 
Virulence assay 
 Sixteen isolates, representing seven species of Pythium, were used to inoculate 
seedlings of the susceptible watermelon cultivar Estrella in a growth chamber (Table 1.4). 
To avoid a potential effect of host specificity, all isolates selected for screening were 
recovered from symptomatic watermelon seedlings during the survey. Seven ‘Estrella’ 
seeds (Seedway, Hall, NY) were sewn 2.5-cm deep and evenly spaced within 15.2-cm-
diameter pots filled with Metro-Mix 830. Seedlings were germinated and grown at 30°C, 
45% relative humidity, and a 12-h photoperiod in a growth chamber for 7 days before 
inoculation. On day seven, the growth chamber temperature was lowered to 25°C, and all 
seedings except the five most uniform ones were removed. 
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 For inoculation, isolates of Pythium spp. were grown at 23°C in the dark on 20% 
V8A. Plugs (6 in mm diameter) from 3-day-old cultures were placed against the seedling 
stem just below the container mix surface. Plugs from non-colonized 20% V8A plates 
were placed against seedlings in as controls pots.  The experimental design was a 
randomized, complete block with five replicate pots for each isolate (one per block) , and 
each pot contained five seedlings. The experiment was conducted twice. Disease 
incidence data were recorded daily for 7 days as the number of plants damped-off per pot. 
One diseased seedling was used for isolation for each isolate of Pythium spp., and the 
COX1 region was sequenced as described previously to confirm pathogen identity. Area 
under the disease progress curve (AUDPC) was calculated from disease incidence data 
from both experiments.   
 
Statistical analyses 
 Data on recovery of the total numbers of isolates of Pythium species, P. spinosum, 
P. irregulare, P. myriotylum, and P. aphanidermatum from surveyed plants were 
analyzed using SAS PROC CATMOD (SAS version 9.3; SAS, Inc., Cary, NC) for 
categorical data, which uses a χ2 statistic to determine treatment effects. The proportions 
of plants from which total isolates of Pythium species, P. spinosum, P. irregulare, P. 
myriotylum, and P. aphanidermatum was or was not recovered (a binary response) were 
transformed by calculating the logit, and the linear model parameters then were estimated 
using the maximum likelihood option. To get models to converge (i.e., arrive at a unique 
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solution) that included zero values for some categories, observed proportions were 
replaced with a Bayes estimator calculated as: 
x = (ct + k/r) × n/(n + k) 
where x = the transformed proportion, ct = count of plants with (or without) Pythium 
spp., r = 2 (for a binary response), k = a constant (which was set equal to r), and n = total 
number of plants per treatment combination (Santner and Duffy 1989). Stepwise model 
reduction was done to improve the sensitivity of the analysis. When treatment effects 
were significant, contrast statements were written to compare treatment levels. Three-way 
interactions of field type, month, and host were examined in 2019 and four-way 
interactions of year, field type, month, and host were examined for combined 2017 and 
2018 datasets (Tables 1.1 and 1.2). Significant two-way interactions were split by 
including nested-by-value effects for one of the factors in model statements. Proportions 
were generated using the predict option to back-transform logit values.  
 Data from both fungicide experiments were combined. EC50 values were 
calculated for each isolate and fungicide combination by regressing relative colony radii 
against the base-10 logarithm of the concentrations of each fungicide using PROC GLM 
in SAS (Keinath 2015). Linear regression equations were solved to calculate EC50 values 
for each fungicide/isolate combination. EC50 values for isolates screened against different 
fungicide concentrations were analyzed using simple linear regression (JMP Pro ver. 14; 
SAS Institute, Inc.). EC50 values were set as the response variable and species was set as 
the model effect variable. Only species with two or more isolates were included in this 
analysis. Least square means were compared using Student’s t tests. 
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 AUDPC values from the virulence experiment were combined and transformed to 
square root values to correct for non-normality and analyzed with a mixed-model 
maximum likelihood analysis (SAS PROC MIXED), with Pythium spp. as a fixed effect 
and experiment and block as random effects. Residuals from analysis of variance were 
checked for non-normality and inequality of variance with SAS PROC UNIVARIATE. 
Back-transformed least-squares means are shown and treatment means were compared 
with Student t tests. Preplanned, single-degree-of-freedom contrasts were used to 
compare species collected in relatively warmer and cooler months. 
 
Results 
 
Field survey 
 A total of 600 isolates, including eight species of Pythium and one species of 
Phytopythium (Phy.), were recovered during all sampling periods. However, 93.8% of all 
isolates (n = 563) belonged to four species: P. spinosum (n = 274), P. myriotylum (n = 
120), P. irregulare (n = 92), and P. aphanidermatum (n = 77); each of these species was 
recovered at least once from eight of the nine fields sampled (Figs. 1.1 & 1.2). The other 
five species—P. ultimum (n = 17), Phy. helicoides (n = 8), P. coloratum/dissoticum (n = 
6), P. sylvaticum (n = 4), and P. acanthicum (n = 2)—were much less common and were 
recovered from one to five fields. A total of 238 isolates were recovered from 
watermelon seedlings, 149 isolates from cucumber seedlings, 145 isolates from Hubbard 
squash seedlings, and 68 isolates from bottlegourd seedlings. The four most common 
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species of Pythium accounted for 93.7%, 93.3%, 93.8%, and 95.6% of all isolates 
recovered from watermelon, cucumber, Hubbard squash, and bottlegourd, respectively 
(Fig. 1.3). P. acanthicum and Phy. helicoides were not recovered from bottlegourd or 
cucumber, P. sylvaticum was not recovered from watermelon, and P. ultimum was not 
recovered from bottlegourd. 16 new associations between different cucurbit hosts were 
found: nine for the world and seven for the United States (Table 1.1). 
 There was a significant interaction of year × month (P = 0.0012) and year × field 
type (P = 0.0491) on the total recovery of isolates of Pythium spp. from symptomatic 
cucurbits (Table 1.2). Although there was no difference in the total recovery rates 
between field types within years, there was a higher total recovery in 2017 conventional 
fields (0.75) as compared to 2018 conventional fields (0.51) (P < 0.0001). There was a 
higher total recovery in May 2017 (0.57) than May 2018 (0.35) (P = 0.0182) and a higher 
total recovery in September 2017 (0.82) than September 2018 (0.34) (P < 0.0001).   
 In 2017 and 2018, month significantly influenced total recovery and recovery of 
all four major species (Table 1.2). Greater P. aphanidermatum recovery was observed in 
May (P < 0.0001), July, (P = 0.0023), and September (P = 0.011) than in November 
(Table 1.3). Greater P. irregulare recovery was observed only in July compared to 
November (P = 0.0011). Greater P. myriotylum recovery was observed in May (P < 
0.0001), July (P = 0.0003), and September (P < 0.0001) than in November. Greater P. 
spinosum recovery was observed in November compared to May (P < 0.0001), July (P < 
0.0001), and September (P = 0.0045). Recovery of both P. myriotylum (P = 0.0298) and 
P. aphanidermatum (P = 0.0493) had a significant three-way interaction of year × month 
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× field type. However, the effect of month was substantially greater for both species (both 
P < 0.0001), and the effects of year and field type by themselves were not significant (P 
≥ 0.1415 for field type and P ≥ 0.8001 for year) (Table 1.2).  
 In 2017 and 2018, recovery of both P. irregulare (P = 0.0144) and P. spinosum (P 
= 0.0205) had a significant month × field type interaction (Table 1.2). Across all fields 
sampled in November for both years, there was greater recovery of P. irregulare in 
conventionally managed (0.46) than in organically managed fields (0.16) (P < 0.0001)  
and greater recovery of P. spinosum in conventionally managed (0.46) than in organically 
managed fields (0.16) (P < 0.0001), but the two field types did not differ in other months.  
 In March 2019, recovery of the four main species of Pythium was not affected by 
host or field type, but there was a significant effect of both host (P = 0.0427) and field 
type (P = 0.0379) on total recovery of all isolates of Pythium spp. from symptomatic 
cucurbits (Table 1.4). Recovery was greater from organically managed (0.83) than 
conventionally managed fields (0.66). Total recovery rates from watermelon (0.81) were 
higher than those from cucumber (0.65) (P = 0.0494) and Hubbard squash (0.33) (P 
=0.0183). No isolates were recovered from bottlegourd in March 2019 from any fields. 
  
Virulence of Pythium species  
 Virulence of six species of Pythium and Phy. helicoides was based on disease 
progress over a 7-day period and calculated AUDPC values for two trials combined. 
AUDPC values for the 16 isolates varied among species and ranged from 0 to 16.1 (Table 
1.6). P. coloratum/dissoticum isolate N18-29 and Phy. helicoides isolate J17-40 did not 
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cause disease in either trial. The two isolates of P. ultimum were more virulent than 11 
other isolates, including all isolates of P. myriotylum and P. aphanidermatum but not P. 
irregulare isolate N18-50 and P. spinosum isolates N18-2 and N18-4. The preplanned 
comparison of the warm-season species of P. aphanidermatum and P. myriotylum (mean 
AUDPC for seven isolates = 6.2) to the cool-season species of P. spinosum and P. 
irregulare (mean AUDPC for five isolates = 10.4) demonstrated that cool-season species 
were more virulent than warm-season species (P = 0.0002; Table 1.6). 
 Significant variability in virulence, based on AUDPC values, was observed 
among isolates within some species of Pythium (Table 1.6). Of the three isolates of P. 
spinosum, isolate N18-13 was less virulent than isolates N18-2 and N18-4, which were 
equally virulent. For three isolates of P. myriotylum, isolate M18-a8 was less virulent 
than isolate M18-1, but isolates M18a8 and J18-32 were similar in virulence. Four 
isolates of P. aphanidermatum were evaluated, and isolate M17-42 was less virulent than 
isolate M18-5 but each of these isolates were similar in virulence to isolates N18-5 and 
J17-23. There were no significant differences in virulence observed between the two 
isolates of P. ultimum or between the two isolates of P. irregulare.  
 
Fungicide sensitivity 
 Sixty-four representative isolates were evaluated for sensitivity to mefenoxam, 63 
isolates were evaluated for sensitivity to propamocarb, and 68 isolates were evaluated for 
sensitivity to oxathiapiprolin—including four isolates in Pythium spp. Clade I that were 
obtained from other researchers.  
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 Mycelium growth by 63 isolates of Pythium spp. and Phy. helicoides were 
affected significantly by the fungicide propamocarb based on EC50 values (P < 0.0001). 
There was considerable variation observed among species because mean EC50 values 
ranged from 0.03 mg a.i./liter to 6.7 mg a.i./liter (Table 1.3). P. ultimum, P. splendens, 
and P. irregulare were among the least sensitive species with three, one, and two isolates, 
respectively, with EC50 values  ≥ 6.0 mg a.i./liter. P. ultimum and P. irregulare were 
significantly less sensitive than all other species; P. splendens was not included in the 
analysis because only one isolate was assayed. P. sylvaticum, P. acanthicum, P. 
myriotylum, P. coloratum/dissoticum, and Phy. helicoides were among the most sensitive 
species, as all isolates had EC50 values ≤ 2.0 mg a.i./liter, and all five species had mean 
EC50 values < 1.0 mg a.i./liter. P. irregulare isolates were the most variable (SE = 1.51) 
with EC50 values ranging from 0.35 to 13.24 mg a.i./liter.  
 Mycelium growth by 64 isolates of Pythium spp. and Phy. helicoides also were 
affected significantly by the fungicide mefenoxam based on EC50 values (P < 0.0011). 
EC50 values for all isolates ranged from <0.006 mg a.i./liter to 0.519 mg a.i./liter, with 
significant variation observed among species (Table 1.4). Some isolates of Phy. 
helicoides, P. coloratum/dissoticum, P. irregulare, and P. aphanidermatum had EC50 
values of >0.4 mg a.i./liter. Phy. helicoides and P. coloratum/dissoticum were 
significantly less sensitive than P. myriotylum, P. acanthicum, P. spinosum, and P. 
ultimum. EC50 values for five isolates of P. ultimum and P. splendens isolates were <0.1 
mg a.i./liter. Among the 10 species, EC50 values varied the most among isolates of Phy. 
helicoides (SE = 0.21), as the two isolates had EC50 values of 0.09 and 0.52 mg a.i./liter. 
   
 
19 
 Fifty-nine isolates  in six taxonomic clades of the genus Pythium were not 
sensitive to the fungicide oxathiapiprolin, with relative colony diameters similar to those 
of the controls even at 100 mg a.i./liter, but nine isolates in Pythium Clade I were 
sensitive to this fungicide with EC50 values ≤ 1.05 mg a.i./liter (Table 1.5). Pythium Clade 
I includes the species P. ultimum var. ultimum, P. ultimum var. sporangiiferum, P. 
heterothallicum, P. splendens, and P. debaryanum. Among the species sensitive to 
oxithiapiprolin, isolates of P. aff. ultimum var. ultimum were most sensitive and isolates 
of P. heterothallicum were least sensitive (Table 1.5).  
 
Discussion 
  
 Eight species of Pythium and Phy. helicoides were recovered from four cucurbits 
during a 3-year survey. The most commonly isolated species of Pythium were P. 
spinosum, P. irregulare, P. myriotylum, and P. aphanidermatum. Because of the low 
recovery rates of the other five species, these four species should be considered the most 
important species on cucurbits in coastal South Carolina and could be important 
pathogens on cucurbits in the southeastern coastal plain. These four Pythium species were 
recovered from all four cucurbit hosts, demonstrating their ability to cause disease on 
four genera cultivated in the family Cucurbitaceae. More isolates were recovered from 
watermelon than from Hubbard squash, cucumber, and bottlegourd. Bottlegourd and 
interspecific hybrid squash, a hybrid between C. maxima x C. moschata, are used as 
cucurbit rootstocks to manage several other soilborne pathogens (Keinath and Hassell 
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2014; King et al. 2008). They have been shown to be effective rootstocks for controlling 
Pythium disease, possibly explaining the reduced disease incidence and isolate recovery 
on bottlegourd and Hubbard squash in this study (Al-Mawaali et al. 2012, Toporek and 
Keinath 2019).  
P. myriotylum, P. aphanidermatum, and P. irregulare were the most abundant 
species collected in a survey of greenhouse floriculture crops in North Carolina 
(Lookabaugh et al. 2015). Likewise, P. irregulare and P. aphanidermatum were two of 
the main species found in a greenhouse floriculture survey in Michigan (Munera and 
Hausbeck 2016). These four species also were recovered from bell pepper in Florida 
(Chellemi et al. 2000). P. aphanidermatum has a wide host range (Martin and Loper 
2016). The recovery of these species may be explained by their ubiquitous distribution 
rather than specific attributes of the cucurbit hosts.  
 P. spinosum and P. irregulare were recovered primarily in November and March, 
months with cool weather, whereas recovery of P. myriotylum and P. aphanidermatum 
occurred primarily in warm months, May and July. P. spinosum and P. irregulare were 
never recovered in July, and, conversely, P. myriotylum and P. aphanidermatum were 
never recovered in November or March. The fluctuation between P. spinosum and P. 
aphanidermatum recovery is similar to results recently described in Israel (Philosoph et 
al. 2019). Both species were isolated from cucumber in transitional months, but P. 
aphanidermatum and P. spinosum were found strictly in the warmest and coolest months, 
respectively. Seasonal effects also have been observed with recovery of propagules of 
Pythium spp. Ali-Shtayeh (1986) found higher numbers of colony forming units of P. 
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aphanidermatum in cultivated fields in months with warmer weather. In a study on 
Pythium blight, examining sieved thatch from golf courses in Ohio, P. aphanidermatum 
propagule counts were highest in the winter and then declined in the spring (Hall et al. 
1980). This was attributed to the reduction in survival propagules as P. aphanidermatum 
became biologically active. A similar fluctuation in propagule numbers was observed in 
sugar beet soils in Arizona (Stanghellini et al. 1982). As a component of seasonality, 
temperature alone was shown to significantly influence species recovery. In New York, 
P. ultimum and P. irregulare were recovered frequently when the soil temperature was 
21°C, but P. oligandrum was predominantly recovered from samples incubated at 37°C 
(Pieczarka and Abawi 1977). Growth rate of the mycelium of P. aphanidermatum, P. 
ultimum, and P. deliense in culture at different temperatures also reflects the differences 
between species’ environmental preferences (Teymoori et al. 2012).  
 The dramatic increase in numbers of isolates of Pythium spp. collected in 
November and March was a function of the criteria established to designate which plants 
to collect. Above-ground symptoms of stunting or wilting caused by cold temperatures 
are indistinguishable from those caused by Pythium spp., so cold injury may have led to 
more plants being collected. Optimal growing temperatures for cucurbits should not be 
lower than 18.3°C for cucumber and squash and 23.8°C for watermelon (Maynard and 
Hochmuth 2007). However, stunted and wilted plants collected in March and November 
displayed symptoms of discolored roots. Percentage recovery of Pythium from diseased 
plants was 87.4%, 79%, and 78% for November 2017, November 2018, and March 2019, 
respectively. Additionally, in the virulence assay, P. spinosum and P. irregulare isolates 
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were among the most aggressive at 25°C. Both P. irregulare and P. spinosum, the species 
recovered most abundantly in cold months, have been reported previously as pathogens 
of different cucurbit species (Farr and Rossman 2020). P. spinosum has also been 
reported to cause dieback of mature watermelon in Florida (Hendricks and Roberts 
2015). 
 The temperature for the virulence experiment, 25°C, represents an average 
temperature in spring for transplanting watermelon seedlings, based on South Carolina 
weather data (Keinath et al. 2019).Virulence, like recovery, can be temperature 
dependent within species and even within isolates of a species (Matthiesen et al. 2016). 
Although P. aphanidermatum and P. myriotylum were the least virulent species, this 
result may be due to the assay temperature. P. myriotylum was the most virulent species 
on tomato at 35°C, whereas P. aphanidermatum was most virulent between 27°C and 
35°C (Littrell and McCarter 1969). Bell pepper mortality was highest at 34°C when 
inoculated with P. aphanidermatum and P. myriotylum (Chellemi et al. 2000). 
 Variability in virulence among isolates of Pythium spp. has been observed 
previously (Rojas et al. 2017; Munera and Hausbeck 2016). The lack of disease caused 
by isolates of Phy. helicoides and P. coloratum/dissoticum may be due to loss of 
virulence during storage or weak virulence. Both of these species were infrequently 
isolated in the field throughout the survey. However, it is interesting that, although P. 
ultimum was the most virulent species, it was not frequently recovered. The abundance 
and virulence of P. spinosum and P. irregulare demonstrate the significant threat that 
these species pose to early season cucurbit transplants. 
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 How early in the growing season a seedling is transplanted influences its exposure 
to particular species of Pythium. In South Carolina, typical transplanting dates range from 
mid-March to mid-June (Kemble et al. 2019). Thus, growers planting early will most 
likely encounter P. spinosum and P. irregulare with a transition into disease caused by P. 
myriotylum and P. aphanidermatum later in the season. Young plants growing at cool 
temperatures tend to mature slowly, keeping them longer in a state more susceptible to 
infection by Pythium spp. (Martin and Loper 2016). With early planting, a cucurbit crop 
potentially would be exposed to both cool-season and warm-season species of Pythium 
throughout its lifecycle compared with one planted later when soil is warmer. 
Consequently, early planting may contribute to higher overall disease.  
 Although seasonality appears be a large factor influencing Pythium species 
isolation, species diversity has been shown to be a function of several other 
environmental and edaphic factors, such as latitude, rainfall, soil clay content, pH, field 
capacity, cation exchange capacity, calcium carbonate equivalent, and various minerals—
e.g., calcium, magnesium, and zinc ( Broders et al. 2009; Rojas et al. 2017; Zitnick-
Anderson et al. 2017). The dominant species recovered can differ between sampling 
locations within a field (Bakker et al. 2017). The diversity of Pythium spp. recovered 
could also be associated with ability to grow on the medium used for isolation; indeed P. 
aphanidermatum, P. ultimum, and P. irregulare, three of the five major species recovered 
in this survey, are species with fast growth rates on CMA (Jeffers and Martin 1986).  
 Total recovery rate did not differ significantly between conventionally or 
organically managed fields in 2017 and 2018 in any month; however, in 2017 and 2018, 
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recovery of P. irregulare was greater in conventional fields than in organic fields, but, 
conversely, recovery of P. spinosum was greater in organic fields than in conventional 
fields. In March 2019, Pythium spp. were recovered more frequently in organic fields 
than in conventional fields. Since the predominant taxon recovered in March 2019 was P. 
spinosum, its frequency could have resulted in greater total recovery rates in organic 
fields.  This study did not characterize or determine the individual management strategies 
used in all conventional or organic fields sampled, so it is  not possible to identify reasons 
for the abundance of P. irregulare or P. spinosum in fields with different cultural 
management practices.  
 All isolates of Pythium spp. and Phy. helicoides tested were sensitive to 
mefenoxam and propamocarb in vitro, demonstrating the potential utility of these two 
fungicides for use in cucurbit production in South Carolina. Sensitivity to mefenoxam 
and the degree of variation among isolates was similar to other studies reporting EC50 
values for isolates in forest nurseries in Washington and alfalfa fields in Minnesota (Berg 
et al. 2017; Weiland et al. 2014). None of our observed EC50 values reached those of 
resistant isolates in other studies for mefenoxam or propamocarb (Lookabaugh et al. 
2015; Moorman and Kim 2004; Munera and Hausbeck 2016; Weiland et al. 2014). It 
should be noted that the use of CMA and 5% V8A as a basal medium for fungicide 
sensitivity has an effect of the perceived EC50 value (Shew 1984). In addition, in-vitro 
sensitivity of an isolate to propamocarb is not always a reliable predictor for sensitivity in 
planta (Moorman and Kim 2004).  
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 Oxathiapiprolin is not labeled to manage Pythium spp; however, an isolate of P. 
ultimum var. ultimum in Pythium Clade I was reported to be moderately sensitive to 
oxithiapiprolin, albeit at higher concentrations compared to other oomycetes tested (Miao 
et al. 2016). Pythium Clade I species lack commonality in morphological characteristics 
or obvious origin (André LéVesque and de Cock 2004). To validate that Clade I isolates 
were sensitive, two isolates of P. heterothallicum, one isolate of P. debaryanum, and one 
isolate P. ultimum var. sporangiiferum were obtained from other researchers. These 
isolates and  the five isolates from the survey were sensitive to oxathiapiprolin at 
concentrations ≤ 1 mg a.i./liter. The moderately sensitive species of Pythium were far 
more tolerant to oxathiapiprolin than other oomycete pathogens (Bittner and Mila 2016). 
The target of oxathiapiprolin is said to be the oxysterol binding protein (OSBP). Isolates 
from 14 species of Pythium and Phytophthora formed separate phylogenetic clusters 
based on the OSBP sequences; however, the OSBPs of P. ultimum and P. 
aphanidermatum were similar (Miao et al. 2016). This may suggest some other 
mechanism of sensitivity to oxathiapiprolin in Pythium Clade I isolates. All other isolates 
from eight Pythium species, representing five clades, and Phy. helicoides collected in this 
survey were insensitive, while an isolate from every described species from Clade I was 
sensitive. 
 This study identified a seasonal change in recovery of Pythium species and Phy. 
helicoides from diseased cucurbit seedlings, variability in virulence of Pythium species 
and isolates and Phy. helicoides on a susceptible watermelon cultivar, and sensitivity of 
isolates of Pythium spp. and Phy. helicoides recovered from cucurbits to mefenoxam and 
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propamocarb in vitro.  Previously, 24 species of Pythium had been reported on various 
cultivated cucurbits, with more than half of the reports coming from Cucumis sativus. 
The geographical area covered in this, however, survey could limit broad conclusions on 
the overall diversity of Pythium species associated with cucurbits. This is the first 
published study of Pythium and Phytopythium species on cucurbits in South Carolina or 
the United States, and it is one of the few studies to consider the effect of sampling date 
and multiple hosts on recovery of different species. Knowing the identity and infection 
window of these Pythium species will help facilitate development of cultural 
management strategies and breeding efforts to manage Pythium species on cucurbits.  
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Table 1.1. Virulence of 16 isolates of six species of Pythium and one species of Phytopythium 
inoculated onto seedlings of watermelon cultivar Estrella in a growth chamber  
Species Isolate AUDPC Valuez 
P. ultimum J17-3 16.1 ay 
P. ultimum M17-56 15.1 a 
P. irregulare N18-50 12.8 abc 
P. spinosum N18-2 12.6 abc 
P. spinosum N18-4 12.5 abc 
P. myriotylum M18-1 10.0 bcd 
P. aphanidermatum M18-5 8.9 bcde 
P. irregulare N18-10 8.3 cdef 
P. aphanidermatum N18-5 6.9 def 
P. spinosum N18-13 5.9 def 
P. myriotylum J18-32 5.0 defg 
P. myriotylum M18-a8 4.6 efg 
P. aphanidermatum J17-23 4.6 efg 
P. aphanidermatum M17-42 3.6 fg 
P. coloratum/P. dissoticum N18-29 0.0 g 
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Phytopythium helicoides J17-40 0.0 g 
Preplanned comparison 
 
P value 
 
Warm-season vs. cool-season speciesw …. 0.0002 
z AUDPC: Area under the disese progress curve calculated from disease indicence. 
Incidence was determined by counting the numbers of diseased seedlings each day for 7 
days in a pots containing five inoculated seedlings. The experiment was done at 25°C, 
12-h photoperiod, and 45% relative humidity. 
y Mean AUDPC values followed by the same letter are not significantly different based 
on Fisher’s protected least significant difference (P < 0.05). 
w P. aphanidermatum and P. myriotylum are classified as warm-season species, and P. 
irregulare and P. spinosum are classified as cool-season species. 
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Table 1.2.  New associations between cucurbit hosts and Pythium species recovered 
from diseased cucurbits in South Carolinaz 
z Based in Farr and Rossman (2020) 
  
Host Pythium species New association for: 
Bottle gourd  
(Lagenaria siceraria)  P. aphanidermatum United States 
  P. dissoticum World 
  P. irregulare World 
  P. myriotylum World 
  P. spinosum World 
  P. sylvaticum World 
Hubbard squash 
(Cucurbita maxima) P. acanthicum World 
  P. irregulare United States 
  P. myriotylum World 
  P. spinosum United States 
  P. splendens World 
  P. sylvaticum World 
  P. ultimum World 
Cucumber  
(Cucumis sativus) P. irregulare United States 
  P. spinosum United States 
  P. sylvaticum United States 
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Table 1.3. Categorical analysis of variance parameters for proportions of diseased cucurbits from which Pythium species were 
recovered in nine fields in South Carolina on four sampling dates in 2017 and 2018 
  Total Recovery P. aphanidermatum P. irregulare P. myriotylum P. spinosum 
Source χ2 P value χ2 P value χ2 P value χ2 P value χ2 P value 
Intercept 0.57 0.4486 26.12 <0.0001 64.73 <0.0001 6.05 0.01 33.02 <0.0001 
Yearz 16.56 <0.0001 0.23 0.63 0.54 0.46 2.16 0.14 0 0.99 
Monthy 36.74 <0.0001 35.2 <0.0001 11.69 0.01 67.2 <0.0001 93.53 <0.0001 
Year*Month 15.88 0.0012 6.96 0.07 1.35 0.72 3.76 0.29 … … 
Field typex 0.03 0.87 0.06 0.80 1.68 0.20 0.05 0.82 2.03 0.15 
Year*Field type 3.87 0.0491 2.94 0.09 …v … 3.49 0.06 … … 
Month*Field type 4.60 0.20 0.39 0.94 10.55 0.01 0.08 0.99 9.79 0.02 
Year*Month*Field 
type 
4.60 0.20 7.85 0.049 … … 8.96 0.03 … … 
Hostw 4.26 0.24 8.21 0.04 1.24 0.74 3.56 0.31 1.71 0.64 
Month*Host 9.27 0.41 … … … … … … … … 
Type*Host 2.46 0.48 … … 3.61 0.31 … … … … 
Month*Type*Host 10.08 0.26 … … … … … … … … 
Likelihood Ratio 7.11 1.00 19.27 0.99 12.01 1.00 20.27 0.98 25.68 0.98 
z  2017 or 2018. 
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y May, July, September, or November. 
x Organic or conventionally managed field. 
w Bottle gourd, cucumber, Hubbard squash, or watermelon.  
v Indicates source of variation eliminated in stepwise model reduction to improve sensitivity of analysis. 
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Table 1.4. Proportion of recovery of four Pythium spp. recovered from diseased cucurbits planted in nine fields in 
South Carolina on four sampling dates in 2017 and 2018 
 
 
 
 
 
z Proportions presented are back-transformed logit values. 
x Standard error.  
 
 
 
Proportion of Recovery 
Month P. aphanidermatum SE
x P. myriotylum SE 
P. 
irregulare SE 
P. 
spinosum SE 
Total 
Recovery SE 
May 0.36 0.06 0.51 0.06 0.19 0.05 0.21 0.05 0.47 0.05 
July 0.45 0.05 0.51 0.04 0.09 0.03 0.09 0.03 0.72 0.04 
Sep 0.23 0.06 0.53 0.07 0.19 0.05 0.27 0.06 0.57 0.05 
Nov 0.08 0.02 0.08 0.08 0.31 0.03 0.65 0.03 0.48 0.05 
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Table 1.5. Categorical analysis of variance parameters for proportions of diseased cucurbits from which Pythium species were 
recovered in nine fields in South Carolina in March of 2019 
  Total Recovery P. aphanidermatum P. irregulare P. myriotylum P. spinosum 
Source χ2 P value χ2 P value χ2 P value χ2 P value χ2 P value 
Intercept 0.31 0.5762 7.30 0.0069 6.89 0.0087 7.30 0.0069 1.97 0.1601 
Field typez 4.11 0.0427 0.20 0.65 0.30 0.58 0.20 0.65 0.48 0.49 
Hosty 8.43 0.0379 1.83 0.40 1.57 0.46 1.83 0.40 2.81 0.24 
Likelihood 
Ratio 
0.85 0.65 0.05 0.97 0.04 0.98 0.05 0.97 0.62 0.73 
z Organic or conventionally managed field. 
y Bottle gourd, cucumber, Hubbard squash, or watermelon 
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Table 1.6. Effective concentration of mefenoxam that reduced relative colony diameter by 50% (EC50 values) for Pythium spp. 
isolates recovered from diseased cucurbits in South Carolina in 2017, 2018, and 2019  
   
 
 
Distribution of isolates based on EC50 values  
(mg a.i./liter) 
Species 
No. of 
Isolates 
Mean EC50 
valuez 
(mg a.i./liter) SEx < 0.1 0.1-0.2 0.21-0.3 0.31-0.4 0.41-0.5 0.51-0.6 
P. splendens  1 0.006  … … 1 ... ... ... ... ... 
P. ultimum  4 0.012  dy 0.01 4 ... ... ... ... ... 
P. spinosum  11 0.092 c 0.01 2 8 1 ... ... ... 
P. acanthicum  2 0.108 bcd 0.02 1 1 ... ... ... ... 
P. aphanidermatum  14 0.112 ab 0.04 2 7 1 1 2 1 
P. myriotylum  17 0.126 c 0.01 3 14 ... ... ... ... 
P. sylvaticum  1 0.155 … … ... 1 ... ... ... ... 
P. irregulare 8 0.205 ab 0.05 ... 4 2 1 ... 1 
P. coloratum / dissoticum 4 0.282 a 0.06 ... 1 1 1 1 ... 
Phytopythium helicoides 2 0.519 a 0.21 1 ... ... ... ... 1 
z Data from two trials were combined. EC50 values were calculated for each isolate by regressing relative colony radii in corn meal agar 
against the base-10 logarithm of the concentrations of mefenoxam. 
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y Mean EC50 value followed by the same letter are not significantly different according to Fisher’s protected least   significant difference (P < 
0.05). 
x Standard error. 
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Table 1.7. Effective concentration of propamocarb that reduced relative colony diameter by 50% (EC50 values) for 63 
isolates of nine species of Pythium and one species of Phytopythium recovered from diseased cucurbits in South 
Carolina in 2017, 2018, and 2019  
   
 
 
Distribution of isolates based on EC50 values  
(mg a.i./liter) 
Species 
No. of 
isolates 
Mean EC50z 
(mg a.i./liter) 
SEx < 0.1 0.1-2.0 2.1-4.0 4.1-6.0 6.1-8.0 > 8.0 
P. sylvaticum  1 0.03 … …. 1 … … … … … 
P. acanthicum  2 0.49 bcy 0.03 … 2 … … … … 
P. myriotylum  17 0.61 c 0.11 3 14 … … … … 
P. coloratum/dissoticum  4 0.74 bc 0.41 1 3 … … … … 
Phytopythium helicoides  1 0.75 … …. … 1 … … … … 
P. spinosum  11 2.06 b 0.41 … 5 5 1 … … 
P. aphanidermatum  14 2.13 b 0.18 … 9 5 … … … 
P. irregulare  8 4.63 a 1.51 … 3 … 3 1 1 
P. splendens  1 6.05 … …. … … … … 1 … 
P. ultimum  4 6.70 a 0.91 … … … 1 2 1 
z Data from two trials were combined. EC50 values were calculated for each isolate by regressing relative colony radii in 20% 
clarified V8 agar against the base-10 logarithm of the concentrations of propamocarb. 
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y Means followed by the same letter are not significantly different according to Fisher’s protected least significant difference (P 
≤ 0.05). 
x Standard error. 
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Table 1.8. Effective concentration of oxathiapiprolin that reduced relative colony diameter by 50% (EC50 
values) for Pythium spp. isolates 
Clade Species (no. of isolates) Sensitivity Isolate 
EC50 value 
(mg a.i./liter)z 
I 
P. aff. ultimum var. ultimumx 
P. aff. ultimum var. ultimum 
P. aff. ultimum var. ultimum 
P. aff. ultimum var. ultimum 
Sensitive M17-56 0.15 
Sensitive M17-47 0.16 
Sensitive M18-a17 0.18 
Sensitive J17-3 0.29 
P. debaryanum Sensitive C12.171x 0.45 
P. splendens Sensitive M18-a10 0.56 
P. aff. ultimum var. sporangiiferum Sensitive C12-99x 0.56 
P. heterothallicum 
P. heterothallicum 
Sensitive 2_9w 0.62 
Sensitive 2_11w 1.05 
A P. aphanidermatum (14) Unaffected various >100 
B1 P. myriotylum (17) Unaffected various >100 
B2 P. coloratum/dissoticum (4) Unaffected various >100 
D P. acanthicum (2) Unaffected various >100 
F P. spinosum (11) Unaffected various >100 
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P. irregulare (8) Unaffected various >100 
P. sylvaticum (1) Unaffected various >100 
K Phytopythium helicoides (2) Unaffected various … 
z Data from two trials were combined. EC50 values were calculated for each isolate by regressing relative 
colony radii in corn meal agar against the base-10 logarithm of the concentrations of oxathiapiprolin. 
y Species that cannot be 100% determined using COX1 sequencing are labeled as aff., which indicates that 
this is the species voucher that was identified, but that doesn’t necessarily indicate a match.  
x Isolates provided by Dr. Jamie Blair, Franklin & Marshall College. 
w Isolates provided by Dr. Barbara Shew, North Carolina State University
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  2017   2018   
  1cz 2o 3c 4o   5c 6o 7c 8c 9o   
May 50.0y 21.4 27.3 44.4   0.0 16.7   0.0 16.7 
P. 
aphanidermatum 
Jul 100 11.7 84.8 0.0   66.7     33.3 5.4 
Sep 5.6 0.0 0.0 100   0.0     36.4 0.0 
Nov 0.0 0.0 0.0 0.0   0.0   0.0 0.0 0.0 
                        
May 50.0 71.4 18.2 55.6   0.0 83.3   0.0 16.7 
P. myriotylum Jul 0.0 24.7 13.0 0.0   33.3     66.7 91.9 Sep 38.9 63.6 0.0 0.0   0.0     63.6 100 
Nov 0.0 0.0 0.0 0.0   0.0   0.0 0.0 0.0 
                        
May 0.0 0.0 0.0 0.0   0.0 0.0   0.0 33.3 
P. irregulare Jul 0.0 0.0 0.0 0.0   0.0     0.0 0.0 Sep 16.7 4.5 0.0 0.0   0.0     0.0 0.0 
Nov 12.0 6.4 4.9 82.0   0.0   82.6 12.0 11.9 
                        
May 0.0 0.0 18.2 0.0   0.0 0.0   0.0 33.3 
P. spinosum Jul 0.0 0.0 0.0 0.0   0.0     0.0 0.0 Sep 27.8 22.7 100 0.0   0.0     0.0 0.0 
Nov 86.0 87.2 85.4 18.0   100   13.0 80.0 88.1 
                        
May 0.0 0.0 36.4 0.0   0.0 0.0   0.0 0.0 
P. ultimum Jul 0.0 0.0 2.2 0.0   0.0     0.0 0.0 Sep 0.0 0.0 0.0 0.0   0.0     0.0 0.0 
Nov 0.0 0.0 7.3 0.0   0.0   0.0 0.0 0.0 
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May 0.0 0.0 0.0 0.0   0.0 0.0   0.0 0.0 
Phy. helicoides Jul 0.0 3.9 0.0 0.0   0.0     0.0 0.0 Sep 11.1 9.1 0.0 0.0   0.0     0.0 2.7 
Nov 0.0 0.0 0.0 0.0   0.0   0.0 0.0 0.0 
                        
May 0.0 0.0 0.0 0.0   0.0 0.0   0.0 0.0 
P. coloratum/ 
dissoticum 
Jul 0.0 0.0 0.0 0.0   0.0     0.0 0.0 
Sep 0.0 0.0 0.0 0.0   0.0     0.0 0.0 
Nov 2.0 2.1 0.0 0.0   0.0   4.3 4.0 4.8 
                        
May 0.0 0.0 0.0 0.0   0.0 0.0   0.0 0.0 
P. sylvaticum Jul 0.0 0.0 0.0 0.0   0.0     0.0 0.0 Sep 0.0 0.0 0.0 0.0   0.0     0.0 0.0 
Nov 0.0 4.3 2.4 0.0   0.0   0.0 4.0 0.0 
                        
May 0.0 7.1 0.0 0.0   100 0.0   0.0 0.0 
P. acanthicum Jul 0.0 0.0 0.0 0.0   0.0     0.0 0.0 Sep 0.0 0.0 0.0 0.0   0.0     0.0 0.0 
Nov 0.0 0.0 0.0 0.0   0.0   0.0 0.0 0.0 
 
Fig 1.1 Frequency of recovery of eight species of Pythium and one species of 
Phytopythium from nine cucurbit fields in South Carolina during four sampling periods in 
2017 and 2018. Columns are headed by the numbers 1-9, indicating different fields, with 
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o = organically managed field and c = conventionally managed field. Data shown are the 
percentage of isolates of each species out of the total number of isolates recovered for 
each field at that sampling date. Darker shades of red indicate a higher frequency of 
recovery of a particular Pythium species than lighter shades of red. Blue indicates no 
recovery of any isolates of that particular Pythium species. Black indicates that the field 
was not sampled in the given month.  
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1cz 2o 3c 4o 5c 6o 7c 8c 9o   
0.0y 0.0 0.0 0.0 0.0   0.0 0.0 0.0 P. aphanidermatum 
0.0 0.0 0.0 0.0 0.0   0.0 0.0 0.0 P. myriotylum 
11.1 5.6 4.8 0.0 25.0   0.0 30.0 0.0 P. irregulare 
77.8 88.9 66.7 100.0 75.0   0.0 70.0 100.0 P. spinosum 
11.1 5.6 28.6 0.0 0.0   100.0 0.0 0.0 P. ultimum 
0.0 0.0 0.0 0.0 5.0  0.0 0.0 0.0 Phy. helicoides 
0.0 0.0 0.0 0.0 5.0   0.0 0.0 0.0 
P. coloratum / 
dissoticum 
0.0 0.0 0.0 0.0 5.0   0.0 0.0 0.0 P. sylvaticum 
0.0 0.0 0.0 0.0 0.0   0.0 0.0 0.0 P. acanthicum 
 
Fig 1.2 Frequency of recovery of eight species of Pythium (P.) and one species of 
Phytopythium (Phy.) from nine cucurbit fields in South Carolina in March 2019. Columns 
headings: the numbers 1 to 9 identify individual fields, and letters identify field 
management type with o = organic and c = conventional. Data shown are the percentage 
of isolates of each species out of the total number of isolates recovered for each field at 
that sampling date. Darker shades of red indicate a higher frequency of recovery of a 
particular Pythium species than lighter shades of red. Blue indicates no recovery of any 
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isolates of that particular Pythium species. Black indicates that the field was not sampled 
in the given month. 
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Fig 1.3.  Numbers of isolates of eight species of Pythium (P.) and one species of 
Phytopythium (Phy.), recovered from four different cucurbit hosts growing in nine 
fields in South Carolina during 2017, 2018, and 2019
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CHAPTER TWO 
 
EVALUATING CUCURBIT ROOTSTOCKS AND FUNGICIDES FOR THEIR 
UTILITY IN PREVENTING DISEASE CAUSED BY THE SOILBORNE 
PATHOGENS PYTHIUM APHANIDERMATUM AND PYTHIUM MYRIOTYLUM 
IN WATERMELON PRODUCTION 
 
Abstract 
 
 Pythium species cause root and stem rot in watermelon (Citrullus lanatus), but 
cucurbit rootstocks have not been evaluated for resistance. Isolates of P. aphanidermatum 
and P. myriotylum were inoculated onto 15 cultivars of watermelon, citron (Citrullus 
amarus), bottlegourd (Lagenaria siceraria), and interspecific hybrid squash (Cucurbita 
maxima × C. moschata) in a growth chamber. Watermelon cultivars were more 
susceptible to P. aphanidermatum and P. myriotylum infection than bottlegourd and 
interspecific hybrid squash cultivars at both 20°C and 30°C.  The same 15 cultivars, and 
five additional cucurbit cultivars, were transplanted into a field and inoculated with an 
equal volume of inoculum of both species of Pythium. Interspecific hybrid squash 
cultivars were less susceptible to infection by Pythium spp. than bottlegourd and 
watermelon cultivars in fall 2018 and spring 2019. The seedless watermelon cultivar Tri-
X 313 was grafted onto the citron rootstock cv. Carolina Strongback, the bottlegourd 
rootstock cv. Emphasis, and the interspecific hybrid squash rootstock cultivars 
Camelforce, TZ148, and Super Shintosa. Plants were inoculated in the field a with a 
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composite of both species of Pythium. The fungicides mefenoxam (Ridomil Gold), 
propamocarb (Previcur Flex), and mefenoxam plus propamocarb were applied at 
transplanting to compare grafting to commercial fungicide application based on disease 
development. Grafting to interspecific hybrid squash rootstocks reduced disease 
incidence compared to non-grafted controls. There were no differences in disease 
development between fungicide and non-fungicide treated plots. No significant 
differences in marketable or total yield were observed in 2018 between any cultivars 
compared to the non-grafted control. Grafting to ‘Camelforce’ significantly increased the 
number of marketable fruit, total fruit weight, and total number of fruit in 2019 compared 
to the non-grafted control. Both marketable and total yield was reduced when watermelon 
was grafted to ‘Emphasis’ in 2019. In summary, interspecific hybrid squash was 
consistently resistant to infection by Pythium spp. both in the field and growth chamber, 
demonstrating its resistance and utility as a rootstock in watermelon grafting for disease 
management. 
 
Introduction 
 
 In 2017, 1,983 ha of watermelon (Citrullus lanatus) were harvested in South 
Carolina and 52,524 ha were harvested in the United States (USDA 2018). Pythium 
species cause disease on watermelon, with several causal species identified throughout 
the United States (Farr and Rossman 2020). On young seedlings, symptoms of damping-
off and stem rot are most common whereas symptoms of chlorosis, stunting, and 
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wilting—as feeder and lateral roots become necrotic—are more common on mature 
plants (Deadman 2017). 
 There is no reported host resistance to Pythium spp. in watermelon, and diseases 
caused by these pathogens are generally managed with fungicides and cultural practices. 
Until 2005, fumigation with methyl bromide was widely used to manage soilborne plant 
pathogens on cucurbits, including species of Pythium, but the Montreal Protocol has 
eliminated its use in vegetable production in the United States (Davis et al. 2008).  The 
phenylamide fungicide mefenoxam and the carbamate fungicide propamocarb are used as 
protectant treatments, typically applied at the seedling stage, to prevent infection by 
Pythium spp. (Deadman 2017; Moorman and Kim 2004). Soil solarization, planting in 
raised beds, and covering rows with plastic mulch are cultural methods applied to reduce 
the severity of diseases caused by Pythium species (Deadman 2017; Njoroge et al. 2010).  
Watermelon grafting, which is a popular horticultural practice in Asia and the 
Middle East, has not been widely practiced in the United States until relatively recently 
due to perceived limitations (King et al. 2008). Watermelon grafting has been shown to 
control Fusarium wilt, Verticillium wilt, powdery mildew, and other diseases caused by 
root-knot nematodes and viruses (Keinath and Hassell 2014a, 2014b; Kousik et al. 2018; 
Levi et al. 2009; Paplomatas et al. 2002; Thies et al. 2010; Wang et al. 2002; Wimer et al. 
2015; Yetisir et al. 2003). Compatible rootstock species include citron (Citrullus 
amarus), a wild relative of watermelon, botlegourd (Lagenaria siceraria), and 
interspecific hybrid squash (Cucurbita maxima × C. moschata). In South Carolina, 
watermelon grafting improved the marketable yield of watermelons grown in soil 
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infested with Fusarium oxysporum f. sp. niveum and soil co-infested with Fusarium and 
root-knot nematode. (Keinath and Hassell 2014b, Keinath et al. 2019). There are mixed 
results on whether grafting is a useful practice in the absence of biotic stresses (Bertucci 
et al. 2018; Ioannou et al. 2002). 
 The mechanisms by which rootstocks control soilborne pathogens may be a 
function of host resistance, increased root biomass, root exudate profiles, and alterations 
to rhizosphere microbial taxa. Rhizosphere soils of grafted watermelon contain a greater 
microbial diversity than those of non-grafted watermelon, possibly creating more 
competition for soilborne pathogens (Ling et al. 2015; Song et al. 2016a). Bottlegourd 
rootstock exudates have been implicated directly in controlling Fusarium wilt on 
watermelon (Ling et al. 2013). Changes to the secretome of grafted watermelon may be 
involved in disease resistance by potentially recruiting more diverse microbial taxa or 
directly suppressing pathogens (Song et al. 2016b).  
 There is a lack of research examining the impacts of grafting cucurbits to control 
diseases caused by Pythium species. One report from Japan documented a reduction in P. 
debaryanum infection in watermelon plants by grafting to a squash rootstock (Tominaga 
et al. 1983). In cucumber, cultivar Zena grafted to the interspecific hybrid squash 
cultivars Titan and Hercules were 100% resistant and had greater yields than the non-
grafted controls when inoculated with P. aphanidermatum (Al-Mawaali et al. 2012). The 
cucumber cultivar Alpha grafted onto unnamed cultivars of Cucurbita maxima and 
Cucurbita pepo displayed a 44% and 56% reduction in disease, respectively, 20 days 
after inoculation with P. aphanidermatum (Rostami et al. 2015). 
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 A survey of Pythium species associated with diseased cucurbits in South Carolina 
identified P. aphanidermatum and P. myriotylum as the two most predominant species 
during the typical growing season (Toporek and Keinath 2018). Using isolates of these 
two species, the objectives of this study were to (i) characterize watermelon and cucurbit 
rootstock cultivars for Pythium spp. resistance under field conditions, (ii) verify Pythium 
spp. resistance of non-grafted cucurbit cultivars in controlled growth chamber conditions, 
and (iii) compare grafting with two commonly used fungicides, mefenoxam and 
propamocarb, for their ability to reduce Pythium spp. disease and improve yield of the 
seedless watermelon cultivar Tri-X 313 under field conditions.  
 
Materials and Methods 
 
Response of non-grafted cucurbit cultivars to inoculation with P. aphanidermatum 
and P. myriotylum – field experiment 
 Cucurbit cultivars (21) were seeded into 96-cell trays in Metro-Mix 830 
(Sungro, Agawam, MA) (Table 2.1). Watermelon and citron cultivars were seeded 18 
days prior to transplanting, and botlegourd and interspecific hybrid squash cultivars were 
seeded 14 days prior to transplanting, so that all seedlings would be transplanted at the 
first true leaf stage.  
 Inocula of P. aphanidermatum and P. myriotylum were prepared by filling mason 
jars 1/3 full with hard red wheat seed (Todd’s Seeds, Wixom, MI), adding 1.25 times the 
volume of de-ionized water, and allowing the seed to imbibe for 24 h. Four 1-mm holes 
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were punched in a square pattern across the metal mason jar lids, which were sealed with 
micropore tape (3M, Maplewood, MN) to allow gas exchange and prevent contamination. 
Jars were autoclaved twice for 35 min with a 24 h cooling period, followed by a gentle 
loosening of the wheat seed by tapping jars against a padded, hard surface after each 
autoclaving. Four 5-mm plugs from a 3-day-old cultures of P. aphanidermatum (isolate 
M18_a18) and P. myriotylum (M18_2), grown on 20% V8 juice agar (V8A: 200 ml V8 
juice, 15 g Bacto Agar, 3 g CaCO3, and 800 ml of deionized water), were added to 
separate mason jars for each isolate. Inocula were incubated in the dark at 23°C for 2 
weeks and shaken every other day to allow even colonization of the wheat seed. 
Inoculum of each isolate was then spread on trays and air dried with box fans for 3 days 
before combining them at a 1:1 ratio (v:v). Four pieces of infested wheat seed were 
propagated on three replicate plates of water agar (15 g Bacto Agar in 1 liter of deionized 
water) per isolate to verify viability.  
 All field trials were conducted at the Clemson Coastal Research and Education 
Center, Charleston, SC, in a field of Yonges loamy fine sand with pH 6.2. The field was 
cropped to broccoli, rye and vetch, and buckwheat in 2017, winter 2017-2018, and spring 
2018, respectively. Raised planting beds were prepared and covered with white 
polyethylene mulch; rows were 0.9-m wide and spaced 2.7 m apart. Transplanting holes 
were spaced 0.9 m apart down the center of each bed. Wheat seed (6 ml) colonized with 
both Pythium spp. isolates at a 1:1 ratio was placed into each transplanting hole. Seedling 
roots were placed directly on top of the inoculum. Ten seedlings were transplanted per 
cultivar for each plot. The first experiment was transplanted 04 Aug 2018 and the second 
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experiment was transplanted on 22 Apr 2019. The experimental design was a randomized 
complete block design with four replications. 
 Seedlings were monitored regularly for symptoms indicative of Pythium damping 
off, and disease incidence was recorded 5, 8, 13, 16, 19, 22, 26, 29, and 33 days after 
transplanting (DAT) between 04 Aug and 11 Sep 2018 and 4, 7, 11, 16, 20, 25, 28, 31, 
and 35 DAT between 22 Apr and 27 May 2019. One isolation was performed from each 
cultivar in each experiment to confirm the presence of Pythium species. Symptomatic 
stems and roots were rinsed under cold tap water, soaked in 0.3% NaOCl for 30 seconds, 
briefly rinsed in sterile deionized water, and blotted dry on sterile paper towels. Four 
symptomatic root or lower stem pieces (5 mm in length) from each plant were evenly 
spaced onto 90-mm-diameter Petri plates containing water agar (15 g Bacto Agar in 1 
liter of deionized water) amended with rifampicin (10 mg/liter), ampicillin (250 mg/liter), 
and benomyl (10 mg/liter) (WA+RAB). Isolation plates were held at 23°C in the dark for 
7 days and observed daily for colonies with Pythium-like growth. 
 
Response of non-grafted cucurbit cultivars to inoculation with P. aphanidermatum 
and P. myriotylum – growth chamber experiment 
 Cucurbit cultivars (15) (Table 2.2) were inoculated in a growth chamber 
assay with P. aphanidermatum (M18-a18) and P. myriotylum (M18-2). Seven seeds were 
sown 2.5 cm deep and evenly spaced within 15.2-cm-diameter pots filled with Metro-Mix 
830. Watermelon and citron cultivars were seeded 7 days prior to inoculation, whereas 
botlegourd and interspecific hybrid squash cultivars were seeded 5 days prior, so that all 
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seedlings were of uniform size at inoculation. Seeds were germinated and seedlings were 
grown at 30°C, with 45% relative humidity, and a 12-h photoperiod. On day seven, the 
growth chamber temperature was lowered to 20°C or maintained at 30°C, depending on 
the assay temperature of the experiment, and all seedings except the five most uniform 
ones were removed per pot.  
 For inoculation, Pythium spp. isolates were grown at 23°C in the dark on 20% 
V8A. One 6-mm-diameter plug from a 3-day-old culture was placed against each 
seedling stem just below the container mix surface. Plugs from sterile 20% V8A plates 
were used to mock inoculate control pots. 
 The experimental design was a split-plot design with five replicate pots: Pythium 
species as the whole plot, and cultivar as the subplot. Two separate experiments were 
conducted – one at 20°C and one at 30°C to emulate rootstock performance at the range 
of potential transplanting temperatures in South Carolina, and each experiment was 
repeated twice at each temperature. Disease incidence data were collected daily for 7 
days beginning the day after inoculation. For the affected cultivars, at least one isolation 
was performed as previously described to confirm the presence of the pathogen.  
 Isolates recovered from inoculated plants were grown for 7 days in 20% V8 broth 
(V8B: per liter: 200 ml V8 juice, 3 g CaCO3, 800 ml deionized water) in 250-ml 
Erlenmeyer flasks. Mycelium (50 mg) was excised and DNA was extracted using a 
Synergy™ 2.0 Plant DNA Extraction Kit (OPS Diagnostics Lebanon, NJ), following the 
manufacturer’s instructions. The cytochrome oxidase 1 (COX1) region of the 
mitochondrial DNA for each isolate was amplified using the primers Fm85mod and 
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OomCoxI-Levup (Robideau et al. 2011). PCR reaction volume was 25 µl and contained 
1XGoTaq Green Master Mix (Promega, Madison, WI), 0.8 µm of each forward and 
reverse primer, 6.5 µl of nuclease free water, and 2 µl template DNA. Amplifications 
were performed with a PTC-200 thermal cycler (Bio-Rad, Hercules, CA) as follows: 
95°C for 2 min, 35 cycles at 95°C for 1 min, 55°C for 1 min, 72°C for 1 min, and a final 
extension at 72°C for 10 min. PCR products were visualized on a 1.5% agarose gel to 
verify amplification.  
 Amplicons were Sanger sequenced in both directions using Big Dye V3.1 
chemistry and run on ABI 3730XL instruments (Functional Biosciences, Madison, 
WI).  Resulting DNA sequence files were imported to, and manipulated in, Geneious R11 
(Geneious, Auckland, NZ). Pairwise alignments of the forward and reverse sequences 
were made using Geneious Alignment. Consensus sequence ends were trimmed of any 
regions with more than a 5% chance of an error per base. Consensus sequences were 
queried in the nonredundant GenBank nucleotide database at the National Center for 
Biotechnology Information (NCBI) and compared only to verified COX1 sequences from 
isolates of Pythium spp. (Robideau et al. 2011). An isolate was identified as a specific 
species of Pythium based on 97% or greater similarity to the sequence of a verified 
isolate of that species. 
 
Response and yield of watermelon grafted to five cucurbit rootstocks to inoculation 
with P. aphanidermatum and P. myriotylum – field experiment 
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 ‘Tri-X 313’ (Syngenta Seeds), ‘Carolina Strongback’ (USDA-ARS), and 
‘SP6’ (Syngenta Seeds) as the pollenizer were seeded into Metro-Mix 830 in 128, 98, and 
98-cell trays, respectively, and placed in a humidity chamber with 90% relative humidity 
at 24°C for 2 days to encourage uniform germination before being transferred into a 
greenhouse. Five days later, ‘Emphasis’ (Syngenta Seeds) was seeded. Two days later, 
‘Super Shintosa’ (Syngenta Seeds), ‘TZ148’ (HM Clause), and ‘Camelforce’ (Bayer 
CropScience) were seeded. All botlegourd and interspecific hybrid squash rootstock 
cultivars were grown in 98-cell trays in the greenhouse. 
 Growing point treatment took place 7 days after seeding interspecific hybrid 
squash cultivars. First true leaves of rootstock cultivars were pinched off before they 
expanded. Growing points were individually treated with 20 ul 6.25% mixture of fatty 
alcohols (Fair85, Fair Products, Cary, NC) diluted in deionized water (Daley and Hassell 
2014). Fatty alcohols were rinsed off 20 min later. Plants were checked daily to ensure 
the treatment worked and re-treated if regrowth was observed. Five days after initial 
treatment, ‘TriX-313’ scions were grafted onto the five rootstock cultivars using the one-
cotyledon grafting method (Hassell et al. 2008). Grafted plants were then placed into a 
healing chamber for 1 week, followed by 1 week in the greenhouse to harden.  
 The experiment was a split-plot design with four replications, with fungicide 
treatment as the whole plot and cultivar as the sub-plot. Field preparation and inoculation 
of grafted and non-grafted plants were carried out as previously described. The first 
experiment was transplanted 09 Aug 2018 and the second 18 Apr 2019. The pollenizer 
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watermelon ‘SP6’ was transplanted at the edge of the row next to every third plant and 
were not inoculated.  
 Fungicide treatments included mefenoxam (Ridomil Gold EC, 0.18 kg/ha) and 
propamocarb (Previcur Flex, 0.16 kg/ha) together, mefenoxam only, propamocarb only, 
and no fungicide. Mefenoxam was applied once through the drip irrigation system, 
whereas propamocarb was applied once immediately after transplanting as a drench at the 
base of each plant with a backpack sprayer.  
 Disease incidence was determined by counting the number of damped-off plants 
5, 8, 13, 16, 19, 22, 26, 29, and 33 days after transplanting (DAT) from 09 Aug 2018 to 
11 Sep 2018 and 4, 8, 11, 15, 20, 24, 29, 32, and 35 DAT from 18 Apr 2019 to 23 May 
2019. For those cultivars that were affected, at least one isolation was performed as 
previously described to confirm the presence of Pythium species for each cultivar and 
isolate combination. 
 Fruit was harvested 70, 77, and 84 DAT on 17 , 24, and 31 October 2018 and 63, 
70, and 76 DAT on 19 and 26 June 2019, and 2 July 2019. All harvest data for each year 
were pooled together. Fruit weighing ≥4.1 kg were considered marketable (Bertucci et al. 
2018).  
 
Statistical analysis 
 Area under the disease progress curve (AUDPC) was calculated from 
disease incidence data for all three experiments (Shaner and Finney 1977). Non-grafted 
and grafted field experiments were analyzed separately by year, because the year by 
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treatment interaction was significant. Data from the growth chamber experiments were 
combined before analysis due to the non-significant difference between the two 
temperatures assayed.  Disease incidence and yield data were analyzed with a mixed-
model maximum likelihood analysis (PROC MIXED, SAS version 9.3; SAS Institute, 
Inc., Cary, NC). Temperature, Pythium species, and cultivar were treated as fixed effects 
and experiment and block as random effects in the growth chamber experiment. Cultivar 
was treated as a fixed effect and block as the random effect in the non-grafted field 
experiments. Fungicide treatment and cultivar were treated as fixed effects and block as a 
random effect in the grafted field experiments.  
 Before analysis, to correct for non-normality and inequality of variances among 
treatments, AUDPC data were square root transformed in 2018, but not in 2019, for the 
non-grafted field experiment. AUDPC data were log transformed in 2018 and square root 
transformed in 2019 for the grafted field experiment. AUDPC data were log transformed 
for the growth chamber experiment. Percent plant death data were transformed with 
arcsine of the square root for all experiments. Marketable fruit weight and total fruit 
weight data were log transformed in 2019. Residuals from analysis of variance were 
checked for non-normality and inequality of variance with PROC UNIVARIATE. Back-
transformed least-squares means are shown in the tables. Treatment means were 
compared with t tests. Preplanned, single-degree-of-freedom contrasts were used to 
compare rootstock genera to each other and to the control watermelon treatment.  
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Results 
 
Response of non-grafted cucurbit cultivars to inoculation  
 Disease was more severe in the field on all cultivars in 2019 than in 2018 
(Table 2.1). In 2018, AUDPC values ranged from 0 to 1,024, and percent plant death 
ranged from 0.0% to 55.5%. In 2019, AUDPC values ranged from 74 to 2,261, and 
percent plant death ranged from 0.6% to 98.7%.   
 The watermelon cultivar Estrella, citron cultivar SP6, and botlegourd cultivar 
Macis were the most susceptible when comparing AUDPC values in 2018 (Table 2.1). 
However, ‘Macis’ had a significantly lower percent plant death than ‘Estrella’. The 
watermelon cultivars Estrella, Sugar Baby, and Captivation, the botlegourd line 
USVL840, and the citron cultivar Ojakkyo were the most susceptible when comparing 
AUDPC values in 2019. Of these cultivars, ‘Estrella’ had a significantly greater percent 
plant death than ‘Sugar Baby’, ‘Captivation’, and ‘Ojakkyo’, but not ‘USVL840’. 
‘Estrella’ was consistently among the most susceptible cultivars in 2018 and 2019. 
 Twelve cultivars, representing interspecific hybrid squash, citron, and 
watermelon, were among the most resistant cultivars when comparing AUDPC values in 
2018. Of those cultivars, percent plant death was significantly greater for ‘Fascination’ 
than the most resistant cultivars, despite similar AUDPC values (Table 2.1). Conversely, 
‘Emphasis’ was among the grouping for lowest percent plant death, despite having a 
greater AUDPC value relative to the 12 resistant cultivars. Eleven rootstocks, 
representing all four genera of cucurbits studied, were among the most resistant cultivars 
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based on AUDPC values in 2019. Based on percent plant death, ‘TZ148’ and ‘Cobalt’ 
were the most resistant, and five other rootstocks did not differ significantly from them.  
The interspecific hybrid squash cultivars TZ148, Super Shintosa, AQ, Flexifort, Cobalt, 
and BS1 were consistently among the most resistant cultivars between 2018 and 2019 
when comparing both AUDPC values and percent plant death. 
 In 2018 and 2019, based on preplanned, single-degree-of-freedom contrasts, mean 
AUDPC values and percent plant death were significantly lower for interspecific hybrid 
squash than means of watermelon, botlegourd, and the genus Citrullus as a whole (Table 
2.1). AUDPC value means were not different between interspecific hybrid squash and 
citron in 2018, but means for interspecific hybrid squash were significantly lower than 
means for citron in 2019 and for percent plant death means for 2018 and 2019. In 2018, 
percent plant death means of Citrullus were significantly greater than means of 
botlegourd, but the inverse was true in 2019. In 2019, percent plant death means of 
botlegourd and citron were significantly greater than those for watermelon.  
 
Response of non-grafted cucurbit cultivars to inoculation with Pythium spp. in a 
growth chamber  
 When cucurbit cultivars were inoculated in a growth chamber, there were 
no significant differences between P. aphanidermatum and P. myriotylum for AUDPC 
values (P=0.938) or percent plant death (P=0.256). There were also no significant 
differences between 20ºC and 30ºC for AUDPC values (P = 0.5985) or percent plant 
death (P = 0.6362), and all interactions with temperature were not significant for both 
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measures. Data from both isolates and temperatures were combined to calculate means by 
cultivar (Table 2.2). AUDPC values ranged from 0 to 13.8 and percent plant death ranged 
from 0.0% to 11.9%.  
 All interspecific hybrid squash rootstocks and botlegourd rootstocks were 
consistently the most resistant when comparing means of AUDPC values or percent plant 
death among cultivars (Table 2.2). No disease developed in any of the interspecific 
hybrid squash cultivars. No disease development was observed in the botlegourd cultivar 
Emphasis, and only slight disease development was observed for the botlegourd cultivar 
Pelops. The most susceptible cultivars were the watermelons Estrella and Captivation and 
the citron cultivar SP6 when comparing AUDPC values and percent plant death.  
 Based on preplanned, single-degree-of-freedom contrasts, mean AUDPC values 
and percent plant death for watermelon cultivars, citron cultivars, and the genus Citrullus 
as a whole were more susceptible than either interspecific hybrid squash orbotlegourd 
cultivars.botlegourd cultivars were not significantly different from interspecific hybrid 
squash cultivars, and watermelon cultivars were not significantly different from citron 
cultivars, based on mean AUDPC values and percent plant death (Table 2.2).  
 
Response of grafted TriX-313 to inoculation  
Disease  
 Fungicide treatment had no effect in either 2018 or 2019 on either 
AUDPC or percent plant death, but grafting did have a significant effect. Greater disease 
was observed in spring 2019 than in fall 2018 in all grafting treatments (Table 2.3). In 
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2019, several rows of plants within a single block collapsed due to prolonged standing 
water. Since this was an environmental irregularity and not an effect of any treatments, 
the block containing this area was removed from the data analysis. In 2018, AUDPC 
values ranged from 3 to 84.8 and percent plant death ranged from 0.6% to 14.1%. In 2019 
AUDPC values ranged from 42 to 736 and percent plant death ranged from 3.1% to 
43.4%.   
 Grafting ‘Tri-X 313’ to any interspecific hybrid squash rootstock significantly 
reduced the AUDPC value, and grafting to any rootstock reduced percent plant death in 
2018 compared to the non-grafted control. In 2019, ‘Tri-X 313’ grafted onto the 
interspecific hybrid squash rootstock Camelforce was the only treatment significantly 
more resistant than the non-grafted ‘Tri-X 313’ control when comparing AUDPC values 
and percent plant death. ‘Camelforce’ was consistently among the most resistant cultivars 
in 2018 and 2019. 
 In 2018 and 2019, based on preplanned, single-degree-of-freedom contrasts, mean 
AUDPC values and percent plant death were significantly lower in ‘Tri-X 313’ grafted 
onto interspecific hybrid squash than non-grafted ‘Tri-X 313’ (Table 2.3). Means of 
percent plant death and AUDPC values for interspecific hybrid squash grafted treatments 
were significantly lower than botlegourd or citron grafted treatments in 2019 only.  
 
Yield  
 In both 2018 and 2019, fungicide treatment had no effect on marketable or 
total yield (data not shown). In 2018, based on preplanned, single-degree-of-freedom 
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contrasts, mean marketable fruit numbers were significantly greater in interspecific 
hybrid squash grafted treatments than in watermelon, and citron (Table 2.4). Rootstock 
cultivar had a significant effect on all yield categories in 2019 (Table 2.5).   
 In 2019, grafting ‘Tri-X 313’ onto the interspecific hybrid squash cultivar 
Camelforce significantly increased the marketable fruit number, total fruit weight, and 
total fruit number compared to the non-grafted ‘Tri-X 313’ control. All yield categories 
for ‘Tri-X 313’ grafted onto ‘Camelforce’ were significantly greater than ‘Tri-X 313’ 
grafted onto ‘Emphasis’ or ‘Carolina Strongback’. ‘Tri-X 313’ grafted onto ‘Camelforce’  
had a significantly greater number of total fruit than ‘Tri-X 313’ grafted onto ‘TZ148’ in 
2019. In 2019, all yield categories were significantly lower in ‘Tri-X 313’ grafted onto 
‘Emphasis’ than in any other treatment, including the non-grafted ‘Tri-X 313’ control.  
 Based on preplanned, single-degree-of-freedom contrasts, means of all four yield 
categories for interspecific hybrid squash grafted treatments were greater than botlegourd 
in 2019. Means of marketable fruit number were significantly greater in interspecific 
hybrid squash grafted treatments than in non-grafted watermelon or grafted citron 
treatments. 
Discussion 
 
 Response of cucurbit rootstocks to mixed inoculation with P. aphanidermatum 
and P. myriotylum was variable within and among rootstock species in the field, but 
interspecific hybrid squash and botlegourd rootstock cultivars were consistently resistant 
to each Pythium species in a growth chamber. The interspecific hybrid squash cultivars 
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TZ148, Super Shintosa, AQ, Flexifort, Cobalt, and BS1 all appear to be highly resistant 
to Pythium spp. infection based on percent diseased plants and AUDPC values from the 
non-grafted 2018 and 2019 field experiments and the growth chamber experiment. 
Comparisons of disease data between interspecific hybrid squash cultivars and all other 
cucurbit species in the non-grafted field trials clearly demonstrate the higher level of 
resistance in their root systems. The variability in disease development among 
watermelon cultivars and closely related citron cultivars highlight the potential of 
breeding for Pythium spp. resistance within Citrullus. The susceptibility of ‘SP6’, a 
common pollenizer used for triploid watermelon production, is another concern for 
watermelon producers and seed companies. A decrease in pollenizer density can result in 
reduced watermelon yields and higher incidence of hollow heart (Dittmar et al. 2010; 
Fiacchino and Walters 2003). A potential solution could be to graft susceptible 
pollenizers onto a resistant rootstock.  
 When a subset of rootstocks was grafted to the seedless watermelon cultivar Tri-X 
313, the rootstock cultivar Camelforce consistently reduced disease in 2018 and 2019. In 
addition, means of all treatments grafted onto interspecific hybrid squash rootstocks had 
lower AUDPC values and percent plant death than the non-grafted ‘Tri-X 313’ control in 
both 2018 and 2019 and were lower than bottlegourd and citron grafted treatments in 
2019. In Japan, grafting watermelon to a squash rootstock offered more protection than a 
bottlegourd rootstock when grafted plants were inoculated with P. debaryanum 
(Tominaga et al. 1983). In Oman, grafting cucumber to interspecific hybrid squash 
rootstocks was more effective in controlling diseases of Pythium spp. disease than self-
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grafting, not grafting, and grafting onto cultivars of Trichosanthes cucumerina, Cucurbita 
pepo, and Luffa aegyptiaca (Al-Mawaali et al. 2012). Although ‘Tri-X 313’ grafted onto 
the citron rootstock cultivar Carolina Strongback had significantly lower percent plant 
death than the non-grafted ‘Tri-X 313’ control in 2018, it was highly susceptible to 
infection in 2019, with 43.4% of the plants dying. ‘Carolina Strongback’ is resistant to 
Fusarium oxysporum f. sp. niveum and Meloidogyne incognita, but it appears to be 
moderately susceptible to P. myriotylum and P. aphanidermatum (Keinath et al 2019; 
Smith and Freeman 2017).   
 Although some rootstocks reduced disease incidence of grafted ‘Tri-X 313’, not 
all rootstocks had a significant effect on yield. Grafting ‘Tri-X 313’ onto ‘Camelforce’ 
increased marketable fruit number, total fruit weight, and total fruit number in 2019. In 
addition, grafting onto interspecific hybrid squash rootstocks increased marketable fruit 
number compared to the non-grafted control in both years. However, because seedless 
watermelon is marketed by weight, an increase in marketable number may not increase 
returns to growers (Bertucci et al. 2018). The minor differences in yield among 
treatments may be explained by the relatively small plots used, which might not have 
provided enough resolution among treatments (Boyhan 2013). Yields for ‘Tri-X 313’ 
grafted onto ‘Emphasis’ were similar to the non-grafted ‘Tri-X 313’ control in 2018 but 
were severely reduced in 2019. ‘Emphasis’ has previously been shown to perform well as 
a rootstock and even increase yields of grafted watermelon. (Bertucci et al. 2018; Yetisir 
and Sari 2003). ‘Emphasis’ also performed better than or equal to interspecific hybrid 
squash rootstocks when exposed to Fusarium spp. (Keinath and Hassell 2014b). High 
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Pythium spp. inoculum density may be a limiting factor for this rootstock cultivar. Lower 
disease incidence was observed for ‘Emphasis’ and ‘Pelops’ in the growth chamber than 
in the field. This difference may be due to the difference in inoculation methods. Field 
inoculations were done in harsher environments and did not eliminate other soilborne 
fungal and oomycete pathogens.  
 In the field, application of the fungicides propamocarb and mefenoxam did not 
have a significant effect on disease incidence or yield. This inefficacy may be due to the 
rate of Pythium spp. inoculum used in these experiments. Although the isolates of P. 
aphanidermatum and P. myriotylum were shown to be sensitive to mefenoxam and 
propamocarb in vitro, in-vitro fungicide sensitivity is not always a reliable predictor for 
in-vivo sensitivity (Moorman and Kim 2004; Toporek and Keinath 2018). Sub-lethal 
dosing of mefenoxam, if this was indeed a factor, can increase virulence in P. 
aphanidermatum (Garzón et al. 2011). Grafted treatments, however, significantly reduced 
disease incidence. Even if the inoculum level was too high to observe control with 
fungicides, interspecific hybrid squash rootstocks performed well despite inoculation, 
demonstrating that grafting alone can be more effective in controlling Pythium disease 
than commercial fungicides.  
 Disease incidence caused by Pythium species is typically more severe in younger 
plants than in older plants (Deadman 2017). Grafting and transplanting present a more 
mature and robust root system for Pythium spp. to infect than the roots of a germinating 
seedling, which produces stronger chemotactic compounds to stimulate the infection 
process than older roots do (Martin and Loper 1999). As grafted plants mature, they 
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produce wider stem and rootstock diameters, greater leaf areas, and accumulate more 
biomass overall than non-grafted plants, making them less susceptible to damping-off 
early in the growing season (Bertucci et al. 2018; Yetisir and Sari 2003).  
Choosing a rootstock for grafting watermelon should be based on the field 
conditions that the grafted watermelon plant will face. Interspecific hybrid squash 
rootstocks are vigorous, resistant to Fusarium spp., and tolerant to low and high 
temperatures and high soil moisture (Davis et al. 2008). Their resistance to P. myriotylum 
and P. aphanidermatum is a valuable addition to the grafting toolbox, since these two 
species are the main warm-season Pythium species that infect watermelon in South 
Carolina (Toporek and Keinath 2018). Future work should explore how Pythium-resistant 
rootstocks perform under different environments and against different Pythium species, 
especially those more active at cool temperatures that may infect watermelon early in the 
growing season (Toporek and Keinath 2018).  
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Table 2.1. Incidence of Pythium damping-off on non-grafted cucurbit cultivars in field experiments in 2018 and 2019 
Cultivar 
  
Cultivar species 
Fall 2018 Spring 2019 
AUDPCz 
Plant death 
(%)y AUDPC Plant death (%) 
Estrella Citrullus lanatus 1024 a 55.5 a 2261 a 98.7 a 
SP6 Citrullus amarus 483 ab 29.7 ab 838 defghi 39.8 cdef 
Macis Lagenaria siceraria 460 ab 23.2 b 638 defghi 33.6 efg 
USVL840 Lagenaria siceraria 346 bc 22.9 b 2044 ab 77.6 ab 
USVL351 Lagenaria siceraria 321 bcd 15.6 bc 1096 cdef 42.4 bcdef 
USVL482 Lagenaria siceraria 256 bcde 18.0 bc -x - - - 
Ojakkyo Citrullus amarus 213 bcde 10.6 bcd 1689 abc 62.7 bcde 
Emphasis Lagenaria siceraria 206 bcde 2.9 cde 1306 cde 49.0 bcdef 
Pelops Lagenaria siceraria 201 bcde 9.4 bcd 448 fghi 19.0 fghi 
Fascination Citrullus lanatus 83 bcdef 10.0 bcd 1463 bcd 63.0 bcde 
BS1 Cucurbita maxima × C. moschata 69 cdef 3.8 cde 476 fghi 15.6 fghi 
Joyride Citrullus lanatus 41 cdef 1.3 de 566 fghi 29.4 efgh 
Cobalt Cucurbita maxima × C. moschata 28 def 3.8 cde 128 hi 1.3 i 
Captivation Citrullus lanatus 27 def 2.6 cde 1686 abc 71.5 bcd 
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Sugar Baby Citrullus lanatus 17 ef 0.6 de 1710 abc 74.0 bc 
Carnivor Cucurbita maxima × C. moschata 0 f 0.0 e 901 defgh 28.5 efgh 
Carolina Strongback Citrullus amarus 0 f 0.0 e 670 fghi 36.0 def 
Flexifort Cucurbita maxima × C. moschata 0 f 0.0 e 546 fghi 16.8 fghi 
AQ Cucurbita maxima × C. moschata 0 f 0.0 e 266 ghi 5.3 ghi 
Super Shintosa Cucurbita maxima × C. moschata 0 f 0.0 e 318 ghi 3.8 hi 
TZ148 Cucurbita maxima × C. moschata 0 f 0.0 e 74 i 0.6 i 
P value for cultivar … 0.0019 0.0001 0.0001 0.0001 
Preplanned comparisons P value P value P value P value 
Watermelon vs. IHSw 0.0133 0.0001 0.0001 0.0001 
Watermelon vs.botlegourd 0.5806 0.0573 0.0817 0.0028 
Watermelon vs. citron 0.803 0.9132 0.1445 0.0151 
Bottlegourd vs. IHS 0.0017 0.0001 0.0001 0.0001 
Bottlegourd vs. citron 0.4655 0.1272 0.9562 0.8408 
Citron vs. IHS 0.0622 0.0004 0.0001 0.0001 
Citrullus vs.botlegourd 0.4562 0.0384 0.2145 0.0273 
Citrullus vs. IHS 0.0078 0.0001 0.0001 0.0001 
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z Area under the disease progress curve. Least-squares means in 2019 back-transformed from square root values used in the analysis of variance. 
Means within a column with the same letters are not significantly different at P = 0.05 based on Fisher’s protected least significant difference (LSD) 
test. 
y Percent plant death at 33 DAT in 2018 and 35 DAT in 2019. Least-squares means back-transformed from arcsine of the square root values used in the 
analysis of variance. Means within a column with the same letters are not significantly different at P = 0.05 based on Fisher’s protected least significant 
difference (LSD) test. 
x Not done. 
w Interspecific hybrid squash (Cucurbita maxima x C. moschata).
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Table 2.2. Incidence of Pythium damping-off on cucurbit cultivar seedlings in a growth chamber 
 
Cultivar Cultivar species AUDPCz Plant death (%)y 
SP6 Citrullus amarus 13.8 a 11.9 a 
Estrella Citrullus lanatus 9.2 a 9.8 a 
Captivation Citrullus lanatus 7.3 ab 7.2 ab 
Ojakkyo Citrullus amarus 4.1 bc 3.3 bc 
Sugar Baby Citrullus lanatus 3.7 c 2.5 c 
Carolina Strongback Citrullus amarus 3.6 c 2.7 c 
Pelops Lagenaria siceraria 1.4 d 0.2 d 
Emphasis Lagenaria siceraria 0.0 d 0.0 d 
AQ Cucurbita maxima × C. 
moschata 
0.0 d 0.0 d 
BS1 Cucurbita maxima × C. 
moschata 
0.0 d 0.0 d 
Flexifort Cucurbita maxima × C. 
moschata 
0.0 d 0.0 d 
Cobalt Cucurbita maxima × C. 
moschata 
0.0 d 0.0 d 
   
 
86 
Carnivor Cucurbita maxima × C. 
moschata 
0.0 d 0.0 d 
Super Shintosa Cucurbita maxima × C. 
moschata 
0.0 d 0.0 d 
TZ148 Cucurbita maxima × C. 
moschata 
0.00 d 0.0 d 
P value for treatment 
 
<.0001 <.0001 
Preplanned comparisons (P value) 
   
     Watermelon vs. IHSx 
 
<.0001 <.0001 
     Watermelon vs. bottlegourd 
 
<.0001 <.0001 
     Watermelon vs. citron 
 
0.1669 0.1792 
     Bottlegourd vs. IHS 
 
0.5571 0.4823 
     Bottlegourd vs. citron 
 
<.0001 <.0001 
     IHS vs. citron 
 
<.0001 <.0001 
     Citrullus vs. bottlegourd 
 
<.0001 <.0001 
     Citrullus vs. IHS 
 
<.0001 <.0001 
z Area under the disease progress curve. Means within a column with the same letters are not significantly different at P = 0.05 based on 
Fisher’s protected least significant difference (LSD) test. 
y Percent plant death at 7 DAS. Least-squares means back-transformed from arcsine of the square root values used in the analysis of 
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variance. Means within a column with the same letters are not significantly different at P = 0.05 based on Fisher’s protected least 
significant difference (LSD) test. 
x Interspecific hybrid squash (Cucurbita maxima x C. moschata). 
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Table 2.3. Incidence of Pythium damping-off with triploid watermelon ‘Tri-X 313’ grafted onto five different cucurbit cultivars 
Treatment Rootstock cultivar Rootstock species 
Fall 2018 Spring 2019 
AUDPCzy Plant death 
(%)x 
AUDPC Plant death (%) 
Non-grafted None None 84.8 a 14.1 a 494 ab 31.4 abc 
Grafted Carolina Strongback  Citrullus amarus 16.2 ab 4.0 b 736 a 43.4 a 
Grafted Emphasis Lagenaria siceraria 9 ab 3.0 b 458 ab 36.2 abc 
Grafted Camelforce Cucurbita maxima × C. moschata 5 b 1.2 b 42 c 3.1 d 
Grafted TZ148 Cucurbita maxima × C. moschata 4 b 0.6 b 275 abc 16.8 bcd 
Grafted Super Shintosa Cucurbita maxima × C. moschata 3 b 0.6 b 182 bc 10.8 cd 
P value for treatment 
 
0.05 0.015 0.0149 0.0063 
Preplanned comparisons (P value) 
        
Watermelon vs. IHSw 
 
 
0.0038 0.0004 0.0019 0.0192 
Bottlegourd vs. IHS 
 
 
0.3503 0.2267 0.0077 0.0071 
Citron vs. IHS 
 
0.2060 0.1167 0.0007 0.0016 
z Area under the disease progress curve. 
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y Least-squares means back-transformed from square root values in 2018 and log values in 2019 used in the analysis of variance. Means within a column 
with the same letters are not significantly different at P = 0.05 based on Fisher’s protected least significant difference (LSD) test. 
x Percent plant death at 33 DAT in 2018 and 35 DAT in 2019. Least-squares means back-transformed from arcsine of the square root values used in the 
analysis of variance. Means within a column with the same letters are not significantly different at P = 0.05 based on Fisher’s protected least significant 
difference (LSD) test. 
w Interspecific hybrid squash (Cucurbita maxima x C. moschata). 
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Table 2.4. Weight and number of marketable-sized and total triploid watermelon fruit produced by grafted or non-grafted ‘Tri-X 313’ plants in fall 2018 
Treatment Rootstock cultivar Rootstock species 
Marketable 
fruit weight 
(kg)zy  
Marketable fruit 
number 
Total fruit 
weight (kg) 
Total fruit 
number 
Non-grafted None None 46.9 3.8 93.3 10.9 
Grafted Carolina Strongback Citrullus amarus 45.8 3.8 79.6 9.0 
Grafted Emphasis Lagenaria siceraria 61.7 5.3 101.6 11.3 
Grafted Camelforce Cucurbita maxima × C. 
moschata 
62.9 5.4 108.4 12.1 
Grafted TZ148 Cucurbita maxima × C. 
moschata 
61.2 5.3 94.8 10.4 
Grafted Super Shintosa Cucurbita maxima × C. 
moschata 
60.7 5.0 91.7 9.3 
P value for treatment 0.248 0.1118 0.2867 0.1659 
Preplanned comparisons (P value) 
    
Watermelon vs. IHSx 
 
0.0644 0.0315 0.6166 0.7854 
Bottlegourd vs. IHS 
 
0.9901 0.9743 0.7424 0.4967 
Citron vs. IHS 
 
0.0483 0.025 0.0654 0.1423 
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z Fruit weighing ≥ 4.1 kg. 
y Least-squares means back-transformed from log values used in the analysis of variance. Means within a column with the same letters are not 
significantly different based on Fisher’s protected LSD, P=0.05. 
x Interspecific hybrid squash (Cucurbita maxima x C. moschata). 
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Table 2.5. Weight and number of marketable-sized and total triploid watermelon fruit produced by grafted or non-grafted ‘Tri-X 313’ plants in spring 
2019 
Treatment Rootstock cultivar Rootstock species 
Marketable 
fruit weight 
(kg)zy 
Marketable 
fruit number 
Total fruit 
weight (kg) 
Total fruit 
number 
Non-grafted None None 61.3 ab 6.3 b 91.5 b 10.2 b 
Grafted Carolina Strongback Citrullus amarus 50.2 b 5.8 b 85.5 b 10.0 b 
Grafted Emphasis Lagenaria siceraria 8.3 c 1.8 c 29.9 c 5.3 c 
Grafted Camelforce Cucurbita maxima × C. 
moschata 
112.6 a 9.1 a 150.0 a 14.1 a 
Grafted TZ148 Cucurbita maxima × C. 
moschata 
78.8 ab 7.3 ab 105.0 ab 11.0 b 
Grafted Super Shintosa Cucurbita maxima × C. 
moschata 
87.5 ab 7.8 ab 116.8 ab 11.6 ab 
P value for treatment 
 
<.0001 <.0001 <.0001 <.0001 
Preplanned comparisons (P value) 
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Watermelon vs. IHSx 
 
0.1896 0.0457 0.1367 0.0917 
Bottlegourd vs. IHS 
 
<.0001 <.0001 <.0001 <.0001 
Citron vs. IHS 
 
0.0524 0.012 0.0681 0.0691 
z Fruit weighing ≥ 4.1 kg. 
y Least-squares means back-transformed from log values used in the analysis of variance. Means within a column with the same letters are not 
significantly different based on Fisher’s protected LSD, P=0.05. 
x Interspecific hybrid squash (Cucurbita maxima x C. moschata
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CHAPTER THREE 
 
Conclusion 
 
 The most commonly identified Pythium species recovered from four different 
cucurbit species were P. spinosum, P. irregulare, P. myriotylum, and P. aphanidermatum 
in 2017, 2018, and 2019 in South Carolina. Their non-specific recovery from these hosts 
demonstrates their importance as pathogens to Cucurbitaceae. Future work involving 
artificial inoculation should focus on these Pythium species for challenging cucurbit 
cultivars. Isolates of P. aphanidermatum have already been used for evaluating cucurbit 
resistance in several studies (Rostami et al. 2005, Al-Sa’di et al. 2007, Al-Mawaali et al. 
2012). The high virulence of P. ultimum isolates on the watermelon cultivar Estrella, but 
its low recovery from the field survey demonstrates the need to evaluate this species as an 
important pathogen of cucurbits. Seasonality should to be factored into future cucurbit 
field screenings as well, as this research has shown that transplanting early exposes 
transplants to the ‘cool season’ species P. irregulare and P. spinosum. These species 
were more virulent than the ‘warm season’ species P. aphanidermatum and P. 
myriotylum when held at 25°C in the growth chamber, an average temperature at 
watermelon transplanting in South Carolina. Future field studies should include inoculum 
of these four major Pythium species individually and together.  
 This survey did not include a large geographical distance, but it is important to 
note that the major species recovered in cucurbit producing locations around the world 
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were identified here in South Carolina (Tominaga et al. 1983, Al-Sa’di et al. 2007, 
Philosoph et al. 2019). Recovery of Pythium species from diseased cucurbits was 
inconsistent between conventional or organically managed fields. P. spinosum was 
identified more frequently in organically managed fields and P. irregulare more 
frequently in conventionally managed fields in March 2019 only. The potential difference 
between pathogenic Pythium species communities among both management strategies is 
probably not large enough to detect in a study like this. To better capture population 
differences between conventional and organic management strategies, larger studies with 
controlled inputs should be conducted, perhaps coupled with next generation sequencing 
to capture non-pathogenic species. However, studies like these may be unrealistic to 
replicate in on-farm trials, since they require multiple growers’ land and collaboration.  
 No Pythium species isolates screened were resistant to either mefenoxam or 
propamocarb at levels found in other studies (Weiland et al. 2014; Moorman and Kim 
2004; Munera and Hausbeck 2016; Lookabaugh et al. 2015). Mefenoxam and 
propamocarb did not have an effect on disease incidence in the field, however, robust 
resistance of Tri-X 313 grafted to interspecific hybrid squash rootstocks was observed. 
This demonstrates the utility of grafting even at high inoculum levels. Oxathiapiprolin 
reduced the growth of Pythium Clade I species, whereas species in other Pythium clades 
were unaffected. From a microbial ecology standpoint, oxathiapiprolin application could 
theoretically deplete soil Pythium Clade I communities as an indirect effect of controlling 
other oomycete pathogens.  
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 Grafting watermelon to interspecific hybrid squash rootstocks is a useful 
management strategy to control disease caused by Pythium species. Although several of 
these rootstocks appeared to confer resistance, Camelforce also increased yield compared 
to the non-grafted control when challenged with high levels of Pythium aphanidermatum 
and P. myriotylum inoculum. Most watermelon grown in the United States are seedless, 
requiring co-planted pollenizers to set fruit. As the pollenizer ‘SP6’ is susceptible to 
Pythium species infection, more pollenizers should be evaluated for their susceptibility or 
grafted onto interspecific hybrid squash rootstocks. However, not all fields are 
dramatically affected by Pythium, and the utilization of a particular rootstock for 
watermelon production should be dictated by problems in individual fields.  
 
 
 
 
 
 
 
 
 
